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PREFACE 


As a result of the great amount of publicity given to the wartime 
development of radar it is now widely realized that this develop- 
ment involved striking advances in several fields of physics and 
technology. The current scientific literature of physics and chem- 
istry, and the technological literature of communications and other 
engineering fields, show clearly that these advances have numerous 
interesting and important applications in problems far removed 
from those of radar. A visitor to a physical research laboratory 
today cannot avoid being impressed by the profound change in the 
kind of equipment which is being built and used. Large cathode 
ray tube indicators, miciov/ave cavities and waveguides, electronic 
computers, and pulsed circuits of many types are now common- 
place, whereas eight years ago such devices were rarely used. 

In order that these new techniques and manners of thought may 
be exploited to the fullest extent in the various fields of science 
and engineering there is need for an overall presentation in com- 
pact form which will enable one who had no opportunity to par- 
ticipate in their development to appreciate their potentialities. 
This book has such a presentation for its purpose. 

It is obvious that a full coverage of this material is impossible 
in a single volume of moderate length. It is also true that a de- 
tailed and thorough treatment would require the collective effort 
of numerous authors. We have attempted here to present a survey 
broad enough to give a general view of the field and a background 
on which the reader can base further intensive study of any phases 
of particular interest to him. The presentation is partly explanatory 
and partly descriptive. A short introduction outlines the special 
knowledge of electromagnetic fields which is necessary to an under- 
standing of microwaves. Apart from this, the material presented 
needs no special introductory knowledge other than elemen- 
tary physics, a modest amount of mathematics, and a com- 
prehension of the elementary facts concerning electron tubes. The 
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book should thus be satisfactory for use in an advanced under- 
graduate, or graduate, course in physics or electrical engineering 
dealing with the subjects covered. 

Special attention has been given to the applications of the sub- 
ject matter of this book to the scientific fields within which the 
authors have some competency, namely, physics and chemistry. 
Progress in these applications is at present very rapid, so that by 
the time this book appears in print there will no doubt be many 
interesting new applications in the periodical literature. However, 
it is hoped that the illustrations given here will show the diversity 
and importance of these applications. 

Most of the topics considered in this book are given a detailed 
and authoritative treatment in the twenty-seven-volume Radiation 
Laboratory Series. Specific references to this series have not usually 
been included in the text because only a few of the volumes had 
appeared at the time the manuscript was completed. 

Our experience in radar was gained at the Radiation Laboratory 
of the Massachusetts Institute of Technology. Very important 
contributions to the radar program were made at numerous other 
laboratories in this country and abroad, and it is probable that 
these contributions have to some extent been slighted in this book. 
This is an unavoidable result of the wartime conditions under 
which the radar program was carried out. Another unfortunate 
result of these conditions is that it is quite out of the question to 
give proper credit even to those who made outstanding individual 
contributions to the development of radar. We wish, however, to 
acknowledge our great debt to our many colleagues at the Radia- 
tion Laboratory for the stimulus in research and discussion which 
rendered the period of service within its walls so rich and perma- 
nent an experience. 

E. C. P. 

J. M. S. 

New Haven, ConnecticiU 
August, 1948 
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CHAPTER 1 


ELECTROMAGNETIC FIELDS 
AND MICROWAVES 


To gain some measure of control over Nature we are required 
to deal with extremes. The velocity of light is 30 billion cen- 
timeters per second, the frequency of a light wave is 10^® million 
cycles per second. These illustrate the stock in trade with which 
Nature operates. If we are to have some influence in our own 
material affairs, we have to learn how to manage such extreme 
quantities. Progress in this art is a combination of the mastery 
of new methods and an assimilation of the experimental results 
by theory. The two do not always go together, yet they are essen- 
tial to one another. This book deals largely with technique. The 
technique stems from microwave radar. Radar requires high 
power electromagnetic radiation, short pulses, fast sweeps, and 
special indicators. Microwave radar, in addition, requires the 
radiation to be of wavelengths in the centimeter region. It is thus 
natural that the development of microwave radar carried with it 
a great advance in technique on a broad front. This advance is 
now showing gains in many research fields other than radar. 

Electrons and Fields 

Almost the whole of the subject matter to be described depends 
on the fact that electrons are very light and respond to electric 
fields without much inertia effect. It is worth a moment to con- 
sider what happens to an electron which finds itself in an electric 
field of 1 volt per centimeter. The acceleration is roughly 2 X 10^^ 
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times that of gravity. In the first microsecond the electron travels 
10 meters. There is therefore no question about the ability of 
electrons to follow very fast processes. This has been known for 
a long time but has had, until 1940, surprisingly little exploitation. 
Electrons had been used in vacuum tubes as inertialess current 
carriers which can be controlled by small voltages, but no special 
speeds were developed. At the time when cyclotrons were being 
first constructed, the 10-megacycle frequency used with them was 
felt to be quite high. The fastest timing operations before the 
war of which the authors are aware, the \vork of Dunnington and 
White on spark onset, were done with Kerr cells and used light 
as the indicating agent. 

This exploitation of fast time operation has begun with the 
work on radar. It is exploited in the klystron and the magnetron 
to give very high frequency electromagnetic oscillations, going as 
high as 100,000 megacycles. The fastest cathode ray tube sweeps 
coyer the face of the tube in less than a microsecond and are 
already being used to study gaseous discharges in experiments 
which are in the same field as the work of Dunnington and White. 
Other less visible fast operations are going on. For example, an 
automatic range tracking device samples voltage due to an echo 
response in a section of time located within a microsecond. The 
sampling is at the rate of once in half a millisecond, and the result 
of the sampling can be made to hold a marker accurately at the 
position of the echo from a shell in flight. It is possible, by adapt- 
ing some of the rapidly switched tubes in a device of this kind, to 
complete a solution of a simple equation in a very small fraction 
of a second. 

This kind of technical advance is not made by wish alone. A 
pulsed magnetron must be pulsed by the right voltage, and the 
right current must be supplied. A switching circuit will not 
operate at a microsecond rate unless the circuit capacitance is 
below a certain figure and the tube constants are right. One may 
wire up a 30-megacycle amplifier and amplify nothing at all. All 
these features of technique are perfectly reasonable once the whole 
process is carefully understood, whereupon the secondary effects 
operating are taken into account. The engineering of radar has 
brought under control the following specific fields: high power 
cavity magnetrons from 1 centimeter wavelength to 30 centi- 
meters; klystrons, velocity modulation tubes which are able to 

2 



deliver continuous power from a milliwatt up to a number of watts 
in the wavelength range from centimeter to 30 centimeters; 
triode oscillators which will deliver up to a kilowatt at 30 centi- 
meters and several watts at 6 centimeters. The technique of 
delivering microwave power from the source to some objective, 
like an antenna, has been reduced to a relatively simple proc- 
ess. Means for switching channels on or off by high frequency gas 
discharges have been devised. 

In conjunction with this have been the excellent engineering of 
crystal detectors which approach theoretical sensitivity, inter- 
mediate frequency amplifiers at 30 to 60 megacycles, video am- 
plifiers of 10-megacycle bandpass, sweep circuits for oscilloscopes, 
computers to transfer angular information from one place to 
another, switching circuits to turn amplifiers on or off or intensify 
oscilloscopes. Means which have great ultimate sensitivity have 
been devised for the study of variable modulation. 

This brief listing indicates the technical scope of the microwave 
radar development. In this chapter the consideration of the gen- 
eral properties of electromagnetic fields is followed by an account 
of microwaves. 


1 • 1 ELECTRIC AND MAGNETIC FIELDS 


Microwaves, of wavelength between 1 millimeter and, say, 30 
centimeters, occupy a position between the definitely man-made 
oscillations of long wave radio and the atomic radiations of light 
and heat. Very short microwaves can be used to study very low 
frequency molecular transitions. Because of this position, over- 
lapping two sciences, the language of microwaves is somewhat 
unusual. It is a composite of physical language in terms of fields 
and engineering language in terms of impedance. Both are of great 
value. However, in microwaves, a larger share of reasoning is done 
in terms of fields and therefore their properties need consideration. 

The more familiar electromagnetic waves, such as are used for 
broadcast purposes, are produced by visible circuit elements. 
Thus one can see the coil and condenser in the tank circuit of an 
oscillator which can produce radiation at 10 megacycles. This 
ability to see coiled wires and condenser plates disappears at 
microwave frequencies, and the whole art of microwaves is de- 
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pendent on an understanding of the basic relations of electricity 
and magnetism, of which circuit relations are only a particular 
case. The method of thought which has grown up around circuits 
is so valuable and powerful that it has been retained in much 
microwave development. Nevertheless, to understand wave 
propagation, radiation, “skin effect,’’ and waveguides it is essen- 
tial to be able to call on the fundamental equations of the electro- 
magnetic field. Therefore in this chapter we review these equa- 
tions, as simply as we can; and because present and future micro- 
wave experiments are related to fundamental electrical quantities 
we carry the treatment all the way back to the properties of charges 
and fields. 

To do this, a choice of units is necessary. The units chosen 
here are Gaussian units; that is, electric fields are in statvolts per 
centimeter, magnetic fields in oersteds or gauss, electric charge in 
statcoulombs, and current in statamperes. These units are 
chosen because they appear to us to be the simplest for the de- 
scription of fundamental processes, not because they are neces- 
sarily the best for engineering problems, or because the equations 
take on a specially compact form. In Appendix 3 we discuss 
units further and show how the relations given in this chapter 
appear in the mks system. 

Electric and magnetic phenomena comprise electric and mag- 
netic fields which are strongly interrelated with one another. To 
describe these accurately one should present the complete picture 
at once, for the whole picture is needed to describe radiation. This 
is, nevertheless, the more difficult way. It is more usual to de- 
scribe the purely electrostatic field which is produced by a sta- 
tionary electric charge and to develop the complete picture from 
that starting point. This we can now do. 

Field Near an Electric Charge-Coulomb’s Law 

It is known that the vast majority of natural processes and 
material structures can be explained in terms of elementary par- 
ticles, notably electrons and protons. The reason for the existence 
of these and their precise nature are still not clear, but most of 
the effects they produce can be accurately described. Much the 
biggest effect is the presence of an electric around each charged 
particle. This field is determined by a total of four quantities, of 
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which we first consider three: the charge on the particle, the mag- 
nitude of the distance from the particle, and the direction from 
the point considered to the particle. Another factor is also of 
great importance: the time which the particle has spent at the 
location under consideration. We assume at first that this time 
has been very long; later we consider the effects when the time 
has been short. 

We now describe the field. It is entirely unnoticed until a 
second charged particle is brought to the point considered. The 
field then becomes observable in terms of a mechanical force 
which is used as a measure of the field. If we agree to call the 
field ^ E and if the magnitude of the charge on the second particle 
is c, we use the relation 


Force F = eE 

to measure the electric field E. Notice that the force has direction 
(that is, is a vector quantity), and so does E. The direction is 
along the line to the original particle. 

It was found by Coulomb and verified by Cavendish and Max- 
well that E varies as 1/r^, where r is the distance between the 
particles. This can be made the basis for a definition of a unit 
charge as the charge which repels a like charge with a force of 
1 dyne at 1 centimeter. With this form of definition we have for 
the magnitude of the field at a distance r from a charge e 

E = ^ (M) 

and the action of the field E is along the line from the charge to the 
point considered. This is a statement of Coulomb's law. 

Electrons and protons are nearly always present by the million 
at least. In addition the motion of charges is complicated by 
their having to move through matter containing enormous num- 
bers of atoms. We defer discussing the effect of this complication 
until later. At present we call attention to the fact that protons 
and electrons have charges equal in magnitude but opposite in 
sign. Reversal of the sign of course reverses the direction of the 
force acting. It also makes possible the nevirality of matter. The 

bold-faced character indicates a vector, meaning a quantity having 
magnitude and direction. 
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amounts of plus and minus charge are equal to a very close ap- 
proximation. This equality is perhaps the most exact property of 
matter. 

Energy in the Electric Field 

The existence of a force between electric charges challenges us 
to try to devise an interpretation. The simplest solution is to 
class it with gravitation as an effect which is itself basic. This 
view was held until Faraday came to the conclusion that both 
electric effects and magnetic effects can better be understood if 
they are explained in terms of a medium. Faraday used a rather 
specific mechanical analogue as an aid in interpretation, and this 
was developed further by Maxwell. Today the idea of an ether 
capable of physical distortion is very hard to maintain, but the 
idea introduced by Faraday that the electric effects are a property 
of the space around the charge rather than solely in the charge 
itself is firmly held. One thinks simply of an electric field around 
the charge and not of the field as a stress in an elastic medium. 
The important idea is the reality of the field. 

If we take this view it is in order to find some expression for the 
energy per unit volume in a space containing a field E. With our 
basic assumption, that the field is real and carries energy, it pre- 
sumably will not matter how we find this energy. We can imagine 
a field created in some simple way, for example by confining it to a 
definite volume between two plates, and observe the energy neces- 
sary to put it there. Consider the case of two plates, distance d 
centimeters apart with a surface charge density S, plus on one 
plate, minus on the other. The electric field in such a case is 
E = 4tirSj and the work done in putting the surface charge in 
place is the work done in taking the plus charge from one plate to 
the other, so leaving an equal minus charge behind. This work is 
the product of the average of a field which starts at zero and ends 
up as Ef namely E/2, times the charge times the distance. For 
each square centimeter of surface the charge is 8 statcoulombs; 
therefore the work done is 2w8^d. Since it is more fundamental 
to express this in terms of field strength we substitute 8 »= E/At 
which gives for the energy in the space bounded by 1 square 
centimeter and the distance d the value E^d/ST, The energy in 
ergs per cubic centimeter is then E^/St. 
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Effect of a Changing Electric Field 


There is no a 'priori reason why the only observable effect of an 
electric field should be the production of a force on a stationary' 
charge. Indeed, if we are to explain light and radio waves as 
being electrical in nature, it is quite clear that this cannot be so 
because wave motion is not static in character. We therefore 
expect that additional effects will be observed when the electric 
field is changing. The correct description of these effects can 
hardly be expected to be quite as simple as the description of the 
electric field itself, since we have to be concerned with the size of 
the field, its direction, and its rate of change. Moreover, it may 
well be that the varying electric field is without effect on a sta- 
tionary charge but affects a moving charge. Hence a certain 
amount of intricacy must be expected. 

The existence of some added ^^ffect in moving charges (and 
hence changing fields) is seen easily by arranging for charges to 
move parallel to one another in the same direction. Like charges 
should repel, yet the fact is that the moving charges repel each 
other less while moving. This action of moving charges on one 
another is called magnetism. It was studied empirically by Oersted 
and Ampere but its origin in a changing electric field was not under- 
stood until Maxwell gave the first full formulation of the electro- 
magnetic field. 

We can summarize their findings as follows. If we use as a 
detecting element a moving charge, such as the stream of electrons 
in a cathode ray oscilloscope, we find that forces are exerted on 
the electron beam which are not due to electrostatic fields. To 
explain these we postulate the existence of a 'magnetic field sym- 
bolized ® by H which produces a force of F dynes where 


« evXH 

F = 

c 


(1-2) 


Here e is the magnitude of the moving charge in electrostatic units, 
V its velocity, and c a constant which is equal in magnitude to the 

« of light. The vector product v X H means that the 
of the force is in the direction of motion of a right-handed 

book we deal almost exclusively with free space where in this as- 
tern of units H is identical with B. We have elected therefore to give this 
force equation in terms of H rather than B as is more usual. 
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screw when v is turned to the direction of H. The magnitude of 
the force is the product of the magnitude of ev and H times the 
sine of the angle between them. 

This is a great deal more complicated than the equivalent rela- 
tion F = eE, but, since it fits the experimental facts, it must be 
accepted. 

Maxwell showed that the magnetic field as experimentally 
defined above is produced by a varying electric field. The rela- 
tionship is inherently simple but involves a form of quantity 
which we are not accustomed to describe quantitatively. The 
magnetic field is produced by an electric field which is changing 
with time. The resulting magnetic field, however, is not directed 
along the direction of the electric field, nor is the field located at 
any point of space which is definite. The changing electric field 
produces a magnetic field which is spread out, but spread out in 
such a way that the field which is definitely related to the changing 
electric field is a distribution which contributes to a circular rota- 
tion. Such a spread-out rotationally controlled quantity requires 
an elaborate description, but it is exactly done by the quantity 
known in vector analysis as the curL The relationship in terms of 
this is 

IdE ^ ^ 

curl H == (l-3a) 

c dt 

We can also write the relation in three-dimensional coordinates as 


dHz dHy 1 dEx 

dy dz c dt 

dllx dHz 1 ^Ey 

dz dx c dt 


(1-36) 


dHy dHx _ 1 dEz 
dx dy c dt 


This kind of relation is difficult to work with except for one 
feature. If a field such as H exists and threads through anyj 
loop we can relate the integral of the curl over the area 
integral of the magnetic field around the loop itself. Nl 
we don^t choose any closed loop; we choose a simple one ir 
to extract information from this relation with the minimum of 
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effort. Stokes^ theorem expresses this relation, and in symbols 
it is 

cos 6 dl = curl H cos <f> dS 

surface 

where the left-hand side refers to integration around the loop and 

6 is the angle between H and dl\ and the right-hand side refers to 

integration over a surface bounded by 

the loop. Here <#> is the angle between 

the normal to the increment of area, d/S, \ f 

and the direction of curl H. The mean- 

ing of curl and a discussion of Stokes’ J\ 

theorems are given in Appendix 2. Ap- / \ 

plying this to a loop in which the electric / \ 

field is changing we get / \ 


)H cos B dl 


I r dE 

= - I — cos <t> dS 
c J dt 

surface 


The use of relation 1 • 3c can be seen by 
considering the magnetic field around an 
electron moving with uniform speed. If 
we consider a point a little to one side 
of the path of the electron the electric 
field which is along the line from the point 
to the electron sweeps around as the elec- 
tron passes. dE/dt is therefore a vector 
which is easily constructed geometrically, 


Fig. 11 Electric fic^ld 
near a moving charge. 
At a point F the field 
sweeps around from direc- 
tion Ea to direction 
This requires a V(H!tor AE 
parallel to AB as indi- 
cated. It is this changing 
field which gives rise to 
the magnetic field around 
the direction AB. 


as can be seen from Fig. 1-1, and is, for 

example, parallel to the direction of motion of the electron at the 
moment of closest approach. This gives rise to a magnetic field 
which is around the direction of motion of the electron ; when the 
figures are put in it is seen to be of magnitude 

ev sin B 


^erdVis the speed of the electron, r the distance from the point 
to the electron, and 6 the angle between the direction of r and 
that of the motion of the electron. 
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If this relation is applied to the motion of electrons through an 
element dl of wire and if there are N electrons per unit length of 
wire moving with an average velocity the number which pass a 
point per second is the number in a distance v, which is Nv, The 
current is therefore 

i = Nev 


The magnetic field (here represented by dH), however, is that 
due to the electrons, N dl in number, moving in the element dl. 
In terms of current this number is i dl/ev. Then, using relation 1 • 4, 


1 i dl sin B 

dll = r— 

c 


(1*5) 


This is the familiar expression for Ampere^ s law. Notice that the 
most characteristic feature of a current, its magnetic field, can be 
thought of as a consequence of the changing electric field which 
is produced by the motion of charge. We wish again to stress the 
importance and reality of the effects in the space surrounding the 
moving charge. 

Effect of a Changing Magnetic Field 

The next question is whether the production of a magnetic field 
by a changing electric field is the final step. The answer is no. It 
was discovered by Faraday and Henry that, just as a changing 
electric field has a rotationally controlled magnetic field asso- 
ciated with it, a changing magnetic field has a rotationally con- 
trolled electric field. The familiar way of describing this is by the 
relation 

r 1 r dH 

cos 6 dl= J — cos <t>dS (1*6) 

surface 


which states that the electromotive force developed in a closed 
loop is equal to the negative time rate of the change of flux Jbrou A 
the loop. Because this familiar relation is rather cumberOTme * 
microwaves in many instances, for example in a plane electro- 
magnetic wave, something more directly related to the fields is 
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more convenient. This is supplied by considering the above rela- 
tion to be an integral form of the basic relation 


or in its vector form 


dE^ 

dEy 

1 dH^ 

dy 

dz 

c dt 

dE^ 

dE^ 

1 dHy 

dz 

dx 

c dt 

dEy 

1 

^ 1 

i 

1 dH^ 

dx 

d2/ 

C dt 

curl E = — 

1 dH 


(l*7a) 


c at 


(1-76) 


In this version of Faraday ^s law, which is converted into the usual 
form given in equation 1*6 by the application of Stokes’ theorem, 
the two fields are directly related. The form is rather compli- 
cated, but it can be greatly simplified in many cases, as shown in 
the next section. 


Electromagnetic Waves 

Before completing this brief account of the fundamentals of 
electromagnetic theory it is worth while to see one important 
result which can be derived from the two basic relations just 
given. These relations are between time derivatives and distance 
derivatives. The faster E is changing with time the more does H 
vary with distance. This is a characteristic necessary for the 
propagation of a wave. In an elastic solid the distortion present 
when a wave is traveling through provides a force which causes 
the acceleration of the medium, and in this way space and time 
derivatives are connected. The equation connecting them in- 
volves the elasticity and the density, and these control the velocity 
of propagation. Now suppose a very simple process to be set up, 
namely, the oscillation of an electric charge up and down. It is 
quite reasonable to suppose that this sets up an electric field Ey 
at a point distant z along the z axis at a time i, and it can also be 
assumed that we choose a direction such that the x and z com- 
ponents of E vanish. Later we show that this can be done. The 
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electric field is thus plane polarized. Having thus set up a very 
simple kind of field we can now inquire into the consequences of 
equations l*3a and l'7o. Substituting the above value for the 
electric field in these yields 

dEy _ 1 dHa^ dEy _ 1 dH^ 

dz c dt dx c dt 

dH^ ^ 1 dEy 

dz dx c dt 

To reduce the problem to its simplest form, we further stipulate 
that there is no magnetic field along the z axis. Then there result 
the equations 

dEy 1 dHx 

dz c dt 


dHx _ 1 dEy 
dz c dt 


Differentiating the first with respect to the second with respect 
to z, we get 


d^Ey 

dtdz 

dz^ 


1 


dl^ 


1 


c dz dt 


from which is obtained 

_ 1 

32 ^ e‘ df 


A similar equation for Ey can be derived by eliminating Hx. 

This equation represents a traveling wave. Its solution is of 
the form 

a special case of which is the familiar sine wave 


Hx 

Ey 


A sin w 



(1-9) 
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This represents a wave, of amplitude A, traveling along the z axis 
in the direction of 2 , increasing with a velocity c. The quantity w 
controls the rate at which Ey changes with time and w/c the 
rate at which Ey changes with distance. u/2t is the frequency /, 
and 27r/(w/c) is the wavelength X. 

This far-reaching consequence of the nature of electric and 
magnetic fields was first pointed out by Maxwell. No physical 
interpretation of the wave motion in terms of forces and accelera- 
tions can be given, but it is agreeable and significant that the quan- 
tity c, which appears in both fundamental equations and which is 
therefore to be thought of as basic to the fields, is the velocity of 
propagation. 

Notice that the electric and magnetic fields are equal in ampli- 
tude and are in phase. Both are at a maximum at once, and both 
vanish at once. 

This particular case of an infinite plane-polarized wave (infinite 
because no boundary effect.*? are treated) can rather easily be 
shown to be a simplification of a three-dimensional wave equation 
with a solution which is essentially the same. To show this com- 
pactly requires vector analysis: if the reader has patience he can 
work through the six equations of 1 *36 and 1 • 7a by the same pro- 
cedure and obtain the general result. 

Energy in the Magnetic Field 

In the same way that we supposed energy to reside in the elec- 
trostatic field, we suppose energy to be present in the magnetic 
field. By carefully accounting for the work required to establish 
a magnetic field by any process we can show that the energy in 
ergs per cubic centimeter is This is seen to be sjmametrical 

with the expression for the energy of the electric field. 


Transfer of Energy, Poyntirig Vector 


The total energy in an electromagnetic field is therefore 


volume 


dv 
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If this energy is the result of a process which makes the two fields 
interrelated, we can inquire about the time derivative of this 
expression. This derivative will tell us the flow of energy, which 
is of considerable interest. 

If we consider the energy to be enclosed in a volume, take the 
time derivative, and substitute the appropriate values for &E/dty 
SK/dt from the fundamental equations l*3a and 1*76, we find 
that the total loss of energy by this volume per second is 


c 

47r 


/ 


E X H dS 


surface 


(MOa) 


If we invent a quantity P called the Poynting vector, which is 
such that the surface integral of the outward component of this 
new vector is the same as the total loss of energy, we have 


p=. — (EXH) (M06) 

4ir 

The Poynting vector is a most interesting quantity. Applying 
it to the flow of current in a wire is very instructive. If the wire 
is without resistance the only electric field is radially outward and 
the only magnetic field is around the wire. The whole flow of 
energy is then along the direction of the wire. The energy is, 
however, in the field, not in the wire. If the wire has resistance 
there has to be a component of electric field along the wire or 
current will not flow. This component of field is perpendicular to 
the circular magnetic field, but the vector product of the two is a 
Poynting vector directed inward to the wire. This flow of energy 
out of the field into the wire is the necessary supply of energy to 
provide the increased thermal agitation of the molecules in the 
wire. The field as the location of the energy is again seen. 

The Poynting vector for a plane wave oscillates in value but 
maintains the direction of the wave. 


Production of Radiation: Field of an Accelerated Charge 

On page 5 the factors on which the electric field are dependent 
have been listed. It was pointed out that an important factor is 
the time during which a charge causing the field has been at the 
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particular location. Today it is possible to create electric charge 
by the methods of nuclear physics. This does not produce a field 
at a distant star at once. The field is propagated with a finite 
velocity, the velocity of light. Hence, if we are interested in an 
electric field due to a charge at a distance r, we are not at the 
moment interested in the charge at that point now, but in the 
charge which was there a time rjc seconds earlier. 

This simple and important fact was not discovered at once. It 
awaited a rather mature development of electrodynamics before it 
was clearly realized. It is still the custom to discuss electrody- 
namics in terms of fields which are maintained so long that this 
time dependence does not appear, and then to point out that Max- 
weirs equations (1‘3 and 1*7) permit a general solution which 
involves the kind of retarded field just described. It can, never- 
theless, be considered a fundamental property of the electromag- 
netic field, and for the purpose of this brief review we adopt that 
approach. 

Since it is necessary to state clearly how the electric field is 
developed around a charge in order to see how radiation is devel- 
oped, we describe it as follows. The charge can be considered to 
be continually emitting a field. This is essentially what we mean 
by electrification. The field is emitted with a finite velocity, 
denoted by c, which is also the velocity of light. The field is 
emitted in all directions equally for charges which move slowly 
and uniformly. During such motion the field distribution as seen 
from the charge remains the same. 

If, as we have just asserted, the field distribution as seen from 
a moving charge with fixed velocity remains the same, there now 
is the question about the distribution when the charge changes 
velocity. This cannot remain the same, and to see what happens 
we can imagine the following process. Two equal charges are 
placed at 0 (Fig. 1 • 2) for a considerable time. Then one of them 
is given an acceleration a for a short time which gets it to O', and 
it thereafter coasts with uniform velocity v. Considering one direc- 
tion of emission, say at angle 6, the fixed charge produces a field 
represented by the line OCCC\ The moving charge, after it 
begins to coast, produces the same field, at the angle but this 
field, represented by AB or has only been established for a 
short time, namely the time T to travel from O' to il, in the first 
case, or T' to A' in the second. The field therefore endures only 
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for a finite distance AB or and then becomes identical with 
that of the equal stationary charge. We are thus led to assert that 
an accelerated charge emits a field which is not along one direc’^ 
tion, bid has a kink at one localized region^ as denoted by BC, B'C', 
or B"C" in the figure. 



Fig. 1*2 A method of visualizing radiation by an accelerated charge. Since 
the electric field travels with a finite velocity, there must exist a region whore 
the transition from the new field of a moving charge joins the old field which 
existed when it was stationary. This transition region is as drawn and plainly 
has a component perpendicular to the line from the original position of the 
charge. This method of visualization is due to Stokes, who used it to explain 
the formation of x-rays. 

If this assertion is correct it should be possible to apply some 
analysis to the process. Thus we note that, as the charge coasts 
farther, the kink becomes greater, and also farther aw^ay. Using 
a triangle like BDC we see that the ratio of the purely transverse 
component BD to the radial component CD increases. This ratio 
has the value CD/EA or C*D* IWA\ and so on, and, since CD 
== C'B' « C"D" and EA = OA sin E*A* = OA* sin we can 
obtain an explicit value for the transverse field providing we have 
expressions for CD and O-A, and so on. These are CD = OA 
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= vT approximately = atT^ OA' = vT == atT\ Now the inter- 
est really lies in the field at various distances from the charge, 
rather than in terms of T, T, and so on. If we denote AB by r, 
then T is the time for the field to travel the distance r, which is 
r/c. Then OA == atr/c^ and so on. 

The ratio of the transverse field Et to the radial field (which is 
e/r^) is 

atr sin 0 

^ _^A ^ ~ c 
e CD ct 

or 

ea 

Et^— sine ( 1 * 11 ) 

rcr 

This expression is exceedingly interesting. The radiation field 
depends on the acceleration of the electron, the sine of the angle 
between the direction of acceleration and the radius considered, 
and the inverse first power of the radius. 

It can be shown that an identical expression holds for the 
magnetic field; therefore the magnetic field in gauss is equal to the 
transverse electric field in statvolts per centimeter. 


Energy Flow 


The remarkable fact that a transverse electric field exists, 
together with a magnetic field of equal magnitude perpendicular 
to it, both being perpendicular to the radius vector, enables us to 
use the Poynting vector to determine the flow of power. We have 
already done this for an electron which is not accelerated, the 
equivalent of a current in a wire with no resistance, and have 
shown that the flow of power is along the direction of motion of 
the electron. In the case now considered the power radiated by 
the radiation field is 

— Te XH dS 
4ir J 


Substituting the values from equation 1 • 11 gives 


c 



eds 
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Integrated over a sphere this gives for the total energy radiated 
per second 2 

3 " 7 ” 

Notice that the maximum rate of radiation which occurs when 
6 is 90®, or perpendicular to the acceleration, is given by 

If power were radiated uniformly at this rate the total would be 


sin 6 do = 


The ratio of this to the actual value is This ratio is a particular 
case of an “antenna gain^' (cf. page 124). In this case the antenna 
is a single accelerated electron. 

The electric field of radiation is always perpendicular to the 
radius vector. It always has a component in the direction of the 
electron acceleration except for the two directions where the radia- 
tion field is zero. The magnetic field is perpendicular to the electric 
field and changes magnitude with it. A plane wave such as was 
considered on page 12 can therefore be realized by considering the 
field a long way from an accelerated electron. 

A slightly more complicated case is the field near an oscillating 
dipole. We now have two added factors. The first is a smoothly 
varying value of a, the acceleration of the charge; the second is 
the presence of both signs of charge. Neither of these proves 
difficult, and we can actually use the above expressions if we sub- 
stitute the correct value for the acceleration which is determined 
by the amplitude and frequency. 

Thus if z = A sin cat represents the oscillation of an electron in 
the dipole, d^z/dt^ = sin cat This is substituted for a in 

expression 1-11. 


Fields near a Moving Charge 

The three major fields near a moving charge are therefore 

1. e/r^, the static Coulomb field — radial 

2. {ev sin 0)fa^, a magnetic field due to the moving charge 

3. {ea sin electric and magnetic radiation fields. 
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There are other fields due to the interplay between changing elec- 
tric and magnetic fields. Thus, when a magnetic field correspond- 
ing to 2 is produced, the process of formation of the field implies 
a time derivative of a magnetic field which gives rise to an electric 
field. Such a field is called an induction field. Only the radiation 
fields are important at distances exceeding a few wavelengths 
because they vary more slowly with r. 

Influence of the Medium 

It will be noticed that all considerations have applied to empty 
space. For the majority of applications this is sufficient. Never- 
theless it is necessary to recognize that electrical and magnetic 
effects take place in solids, liquids, and gases, and that the nature 
of the medium plays a part. 

Electric, magnetic, and other fields are paramount in determin- 
ing the structure of matter. Therefore there is bound to be an 
interaction between material substances and an impressed field. 
Thus, in the case of a ferromagnetic body a rearrangement may 
call into being a new field which is far greater than the original 
causing agent. Or, in the case of a conductor, the effect of the 
field may be to cause a redistribution of charge which will elim- 
inate the field altogether. 

Two strong effects of matter exist. The first is the possibility 
in certain substances, notably metals and electrolytes, that elec- 
tric charges, either electrons themselves or ions, are free to move. 
This freedom is, however, hampered by the presence of enormous 
.numbers of neutral molecules, through which the electrons have to 
drift. Drifting consists of brief accelerated passages, in which the 
influence of the external field is felt, followed by collisions in which 
the atomic field exerts a far greater influence and sends the elec- 
tron or ion on a totally different path. The general effects of 
collisions are random, whereas the influence of the field is directed. 
Hence an ion actually does progress in the direction of the field. 
The net result is that an average velocity v can be ascribed to an 
electron or ion. This average velocity is proportional to the 
applied electric field; therefore the relation 

V ^ bE 

where 6 is a constant depending on the substance, is obtained. 
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The current flowing across an area A is the number of electrons 
crossing that area per second. This is iV, the number per cubic 
centimeter, times the volume of a cylinder of length defined by 
the distance gone in one second, namely v, and area A, which is 
NAv, Using this with the relation above gives for the current i 

i = NAhEe 


If a quantity V, the potential difference, is defined as the work 
done in taking a unit charge through a length I of the material 
through which the electrons are moving, which is generally a wire, 
against the field E, 

V = Eel 


so that 


i 


NbAV 

I 


or 



(M2) 


This is Ohm^s law. The quantity 1/Nb is called the resistivity, 
and Nb itself is called the condiictivity. The higher the number of 
free electrons, the greater is the conductivity. The higher the 
temperature is, the greater the random motion and the lower the 
value of b; therefore the conductivity is lower. 

This first effect exists in matter where it is possible for a large 
scale motion of electrons to occur. In a wide class of substances 
this is not possible, all electrons being tightly bound to their 
appropriate atoms. This means that no large scale transport of 
charge can ever exist. The electric and magnetic fields applied to 
this kind of matter are not without effect in spite of this, since they 
can cause rotation of molecules or the displacement of the positive 
and negative charges in an atom or molecule with respect to one 
another. The total effect of the applied field and the distorted 
atoms will certainly be different from the original field. In some 
cases it is possible to estimate what this effect will be, as for 
example in a noble gas. In others the general nature of the effect 
can be seen after it has been studied, but so far no sure predictions 
can be made. In this class lies ferromagnetism. 

As generally happens when underl 3 ring phenomena are com- 
plicated; the method of handling the theory is subject to some 
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variation. Most commonly, it is stated that in the presence of 
electric and magnetic material (that is, anything) two new fields 
exist which are defined by 

D = KE 


B = mH 

The first is an electric field which is related to the field which would 
be present in free space, the second a magnetic field similarly 
related. The quantities K and m, the dielectric constant and 
permeability, are not fixed constants. They depend on the mate- 
rial and also on the field. Actually K and /x can be complex quan- 
tities, another way of saying that D and E or B and H are not in 
phase Avith one another. Often K and /x are capable of interpreta- 
tion in terms of a mechanism by which the field is formed, for 
example the distortion of atomic stri't'ture to form dipoles, or the 
rotation of atomic dipoles into a more orderly pattern than ther- 
mal agitation Avill permit in the absence of an applied field. The 
attitude taken here is that K and m f^an be experimentally meas- 
ured in many cases and are often constant over a moderate range 
of fields. In our system of units K and m are both unity for free 
space and nearly so for air. 

The importance of these composite fields lies in the fact that the 
distance variations of H and E are caused by the time variation 
of D and B. That is, the two fundamental relations l*3a and 
1-76 become 

1 dD 

curl H = 

c dt 

1 dB 

curl E 

c dt 

This statement means that a primary field such as H, Avhich is 
varying, pulls with it atomic fields in the material, so as to produce 
a total field B. The time variation of B is now the quantity Avhich 
determines the induced electric field by Faraday^s law. A similar 
statement holds for the induced magnetic field due to a varying 
electric field. 

In general it is desirable to set up these fundamental eqiiations, 
generally called Maxwell’s equations, so that they require the 
minimum of reformulation before use. It is found convenient to 
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treat an actual current, where moving charge is concerned, as a 
separate causative .agent of magnetic field because in so many 
problems currents can be seen as separate entities. (Actually, 
of course, the varying electric field produced by the current pro- 
duces the magnetic field.) We give here the form of MaxwelPs 
equations in which current is included explicitly, u is the current 
density in statcoulombs per square centimeter per second: 


or 


or 


curl H == 

dH, dUy ^ 

dy dz 

dH^ dH, ^ 

dz dx 

dHy dHx 

dx dy 

curl E = 

dEz dEy 

dy dz 

dEx dE^ ^ 

dz dx 

dEy dEx _ 

dx dy 



1 dB 

C dt 

1 dBx 
c dt 
1 dBy 
c dt 
ldB^ 
c dt 


(M3a) 


(M3fc) 


where the subscripts refer to the three components. 

In addition to these equations three others are available. The 
first is a statement of Coulomb^s law in some form. The second 
is a statement that free magnetic poles are not found. The third 
is Ohm’s law. For the purposes of calculation where field equa- 
tions are needed Ohm’s law is generally cast in a different form. 
Writing it as ^ 

y^yji (M4) 

where V is the applied potential difference, y the resistivity, i the 
total current crossing an area A, and I the length of the conductor, 
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we can put V = EL Then 


E = yu 

where u is the current density. For three dimensions this is writ- 
ten vectorially as - 

E = 7U 

In this equation E is in statvolts per centimeter and u is in stat- 
amperes per square centimeter. Making the conversion of units, 
7 is the resistivity in ohm-centimeters divided by 9 X 10^^ It 
is therefore a very small quantity for a conductor compared to K 
and n which are near unity. This featui-e dominates the propaga- 
tion in a conductor. 

This concludes the review of the basic equations of electro- 
dynamics. We can add one more remark. A great part of useful 
electrical thinking is in terms of Ohm^s law which is stated in 

terms of a quantity of the form jEdl. The field equations, 

when cast in the integral form by Stokes^ theorem, lend themselves 
to this process. For instance equation 1*6 already contains 

Jsdl, and the right-hand side of this equation is the basis for 

definition of inductance. Therefore the more usual circuit equa- 
tions are fundamentally derived from those given here. This 
is convenient as long as the fields are separated into localized 
places, as in coils of wire and between the plates of condensers. It 
ceases to be convenient when both fields are distributed through- 
out the apparatus and is exceedingly cumbersome to apply to free 
9 pace radiation. In the microwave art we find we need both forms 
of thinking. We have presented here the less familiar description 
of electrical behavior to enable the use of both. 

With the equations of this section we should be able to work out 
any theoretical problem involving microwaves and phenomena not 
involving transitions within atoms (where the above theory has to 
be modified). This we can now follow up. 

Propagation of a Plane Wave in a Conductor: Skin Depth 

The essential feature of microwave technique is the develop- 
ment of field energy in a space bounded by conductors. This 
field energy is then used for various purposes, such as accelerating 
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electrons for their own sake or for the secondary purpose of main- 
taining oscillations, and so on. In any event, it is of paramount 
importance to know what happens to an electromagnetic wave in 
a conductor, and this is turn permits the answering of the impor- 
tant question of what the conductor does to the wave outside it. 
These two subjects, which are generally referred to as ‘^skin depth’’ 
and '‘boundary conditions” can now be considered. The first can 
be illustrated by the simple.^t case of wave propagation in a con- 
ductor — ^the propagation of a plane wave. 

For the purpose of this problem and many other purposes wave 
processes are represented by means of complex exponentials. The 
great value of these is their relation to a rotating vector which is 
of great help in describing oscillatory phenomena. Thus when a 
wave is written as a complex exponential a quantity is used which 
can readily be analyzed into real and imaginary parts. The real 
part is a cosine, the imaginary part is a sine multiplied by 1, 
written j. Choosing the operation of multiplying by j to denote 
rotation through a right angle leads to no analytical contradic- 
tions; therefore the imaginary part represents the y component of 
the vector, the real part the x component, and the quantity itself 
is a direct analytical representation of the generating vector. 
Since in most processes involving summation of waves the com- 
ponents of the vector sum of the generating vectors are required 
for an explicit statement of field voltage or current, the ability to 
add these vectors analytically is a great convenience. 

In bare essentials a rotating vector is described by a quantity 
where A is an amplitude and d an angle called the phase. In 
a wave, however, the angle is a function of time and distance. If 
the relation to time is denoted in terms of an angular velocity w, 
and to distance in terms of a constant /b, then, for a wave traveling 
in the forward direction, there is a diminution of the phase angle 
at larger values of x. Hence 

e ^ (at -- kx 

Now if this is to represent a wave of frequency /, wavelength X, 
and velocity c, a> and k can be expressed as follows. The angle 
traversed in 1 second is w. It is also / revolutions or 2tS radians. 
Hence w = 2irf. Also X denotes the fact that in traveling a wave- 
length the phase changes by 2t, The change of phase per cen- 
timeter is therefore 2ir/X. This is the same as k. Hence k ^ 
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In addition, if the wave advances an amount X, / times per second, 
the velocity is /X. Hence c = /X. 

The three relations 


o) == 27r/ 



c = /X 

permit several variations of the explicit form for a wave to be 
written; for example. 

Notice that if the wave travels in a medium of refractive index 
n the velocity is c/n, and the first form of the equation becomes 

Ey = 

The propagation of a plane wave such as the above in a metal 
can now be examined. Suppose 

Ey - 

H, == 

B, = 

Dy = KEy 
Ey == yUy 

Substituting these expressions in equations l*13a and 1*136, 
which is remarkably simple as each set of six terms reduces to one 
only, there result 

Cjmn = —+juKA 
y 

An = fiC 

which reduce to the single equation 

= (M5) 

The quantity n is therefore partly imaginary. Writing it as 
» = p — jq, there results 
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The first exponential indicates an amplitude which diminishes as 
X increases. When x has the value c/gw the real exponent is — 1 
and the amplitude is down to 1/c or 37 per cent. This value of x 
is the skin depth. Giving its value is one way to express the way 
in which the plane wave penetrates into the conductor. In oixier 
to determine the value of the skin depth, the value of q in terms 
of quantities appropriate to the conductor must be known. Sub- 
stituting n ^ p ^ jq in equation 1 • 15 there result 

27r/i 

= 

yo3 


Now it has already been remarked that y is small compared to 
K and m for a conductor, so that the term containing 1/y is by far 
the largest, or in other words ^ can be neglected in compar- 
ison with pq — another way of saying that to a close approxima- 
tion p ^ q. Then 


or, because co = 27rc/X, 


The skin depth is then 


Q = 


yo) 




Table 1*1 gives some values for the skin depth for several 
conductors and several wavelengths. 


Table 1*1 



Skin Depth (Centimeters) 

Conductor 

. 

X = 1 cm 

X * 10 cm 

X = 100 cm 

X « 6 X 10® cm 
(60 cycles) 

Copper 20®C 

3.78 X 10-‘ 

1.19 X 10-< 

3.78 X 10-* 

0.85 

Copper — 258®C 

3.45 X 10-« 

1.09 X 10“® 

3.45 X 10“* 

0,077 

Silver 0®C 

3.52 X 10“* 

1.11 X 10“® 

3.62 X 10-® 

0.79 

Gold 20*^C 

4.53 X 10-» 

1.43 X 10-® 

4.63 X 10 -* 

1.02 

Lead20®C 

1.39 X 10-^ 

4.40 X 10-* 

1.39 X 10“* 

3.12 

Brass 20"C 

7.7 X 10-» 

2.4 X 10 -* 

7.7 X10-® 

1.73 


26 






A little further analysis shows that almost all the energy inside 
a conductor is magnetic. This is not surprising because the chief 
feature of a conductor is the ability to develop high currents for 
low fields. The high currents carry the energy and it is magnetic. 

The skin depth is a most important quantity for it deter- 
mines the selectivity of resonators and the losses of transmission 
lines. 

Boundary Conditions 

The two simple cases, transmission in free space and transmis- 
sion in a good conductor, have just been considered. Now arises 
the important question as to what occurs when an electric field 
and a magnetic field are established partly in the free space and 
partly in a conductor. In most treatments of electricity these 
boundary conditions are discussed briefly and usually prove to be 
of little further interest because the actual fields are established 
in coiled wires and flat plates. Microwave fields are different: 
they are established almost always in cavities or in conducting 
tubes, and the somewhat academic question of boundary effects 
becomes of central importance. 

Boundary conditions are, of course, determined by the behavior 
of the conductor at its surface. Three things can clearly be said 
about the conductor: it can develop a surface charge; surface cur- 
rents can flow; and no fields, electric or magnetic, will be found 
inside beyond about a millimeter at most. The question is there- 
fore how these three facts must influence the field outside the 
conductor. A complete treatment can readily be given by using 
the full electromagnetic equations, and these should be consulted 
by anyone interested in following the subject deeply. A great 
deal of physical insight can be obtained from Fig. 1-3. In Fig. 
1*3 (a) is shown a single upper layer of positive charge, produced 
in the conductor by the influence of the applied field. The arrows 
indicate the direction of the force from each charge. It can be 
seen that the arrows tangential to the surface cancel one another, 
while the arrows normal to the surface add up. In other words 
the effect of a surface layer of charge is the development outside 
the conductor of a normal field, but not a tangential field. In 
F^. 1*3 (6) is shown a similar diagram for surface currerUs. The 
magnetic field around each current element is shown, and it can 
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be seen that the different character of a magnetic field has a clear- 
cut consequence for now there is no net normal field but a net 
tangential field. Therefore a combined surface charge and surface 
current distribution enables the surface to produce a normal 
electric field and a tangential magnetic field. The surface will not 


Net effect 



^ Net effect 



( 6 ) 


Fig. 1-3 Boundary conditions: (a) shows that the net field due to a surface 
layer of static charge is a normal component of electric field; (h) shows that a 
surface layer of currents (represented by dots indicating currents flowing out 
of the paper) gives a net magnetic field which is tangential. 

exert any effect on a normal magnetic field or a tangential electric 
field. 

The considerations just outlined hold for any surface. When 
the surface is a conductor there is the added fact that within a very 
small distance inside all fields vanish. This exerts no great limita- 
tion on the normal electric field, for we can suppose that a large 
enough charge is pulled to the surface to produce the necessary 
sudden change to zero. In the same way there is no limitation on 
tile tangential magnetic field, for surface currents can be supposed 
to produce the sudden change of magnetic field. On the otiier 
hand the surface is no help at all with regard to a tangential elec- 

28 


trie field or a normal magnetic field. Since they are zero inside, 
it is to be expected that they will also be zero outside, at least in 
any condition which is steadily and stably maintained. 

We therefore have the following concept of an electromagnetic 
field arriving at the surface of a conductor. Surface charges and 
currents are quickly established so that the normal component of 
E and tangential component of H can discontinuously (or almost 
so) drop to zero inside. The tangential E and normal H represent 
a strongly anomalous condition which will result in a rapid absorp- 
tion of that part of the field. Now if the electromagnetic field is 
confined between several conductors and a short time allowed for 
a steady state to establish itself, the steady state will have no 
tangential E or normal H at any surface. Notice that there is no 
inherent restriction on these fields; the restriction holds only when 
a steady equilibrium state is established. More elaborate calcula- 
tions show that the steady state, in the sense of having no tangen- 
tial E or normal is established in a few cycles at most. There- 
fore, for any steadily established situation, the boundary require- 
ments are that at the surface of a conductor the electric field will 
be accurately normal to, and the magnetic field will be parallel to, 
the surface. 

It will be seen in the next chapter that these requirements limit 
the wavelength of the field in a conducting enclosure to a set of 
discrete values. 

Reflection of Plane Waves 

. The. above considerations can readily be applied to the reflection 
of plane waves by a conductor. Suppose this is at right angles to 
the paper along the left-hand edge. Consider perpendicular inci- 
dence as the simplest case. There is no normal component of the 
electric field, but there is a tangential component. There is also a 
tangential magnetic field but no normal field. The boimdary con- 
ditions require that in the steady state there is no tangential elec- 
tric field, but there can be a tangential magnetic field. This is 
achieved directly by a reflected wave (that is, one traveling in the 
opposite direction) of equal amplitude. Suppose that the incident 
wave, going from right to left, has the electric field up and the mag- 
netic field into the paper. The reflected wave must, by the boun- 
dary conditions, have the electric field down, and since it is travel* 
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ing from left to right the magnetic field must also be into the paper. 
There is, therefore, double the magnetic field at the surface, and 
no electric field. 

This is quite reasonable. The magnetic field is doubled outside 
and cancelled inside by strong surface currents. The currents 
reradiate energy in all directions. Outside it takes the form of a 
reflected wave; inside it exactly cancels the incident wave. 

Standing Waves 

The effect of reflection such as the above is to send a return 
wave through the space outside the metal at the same time as the 
incident wave is still arriving. This is a well-known physical 
phenomenon, and it yields standing waves. Consider for example 
the value of the magnetic field which results from the two waves. 
It is given by 

//incident + //rcfloeted = (-A)I) 

which with a little rearrangement gives 

//total = cos — (1 . 17) 

A 

This is seen to be a region of space in which the field is varying 
with time with the original frequency but with an amplitude 
which is fixed at any point in space and varies according to the 
cosine of x. It will be seen later that the study of standing waves 
is most important in microwave technique. 

We can now proceed to apply these fundamental ideas to the 
particular problems which arise in the production and transmis- 
sion of microwaves. 

Summary 

In this chapter a brief review of electromagnetic theory from the 
point of view of fields has been given. The basic equations have 
been presented in a form suitable for considering the way in which 
fields are propagated in free space and in conductors. The pen- 
etration of fields into conductors has been considered and an 
expression for the skin depth deduced. The modifying action of 
conductors on the free space field, the so-called boundary condi- 
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tions, have been developed and applied to the case of the reflection 
of a plane wave. 
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PROBLEMS 

1 • 1 Plot a graph showing the energy density in the space between two 
cylinders of radii 0,1 cm and 1 cm with a potential difference of 10,000 volts 
between them. 

1 • 2 Calculate the energy in the gap of a cyclotron magnet 60 in. in diam^- 
eter, 10 in. deep, with a field of 16,000 gauss. 

1 • 3 Plot the radiation field of an electron subject to an accelerating field 
of 300 volts per centimeter for a microsecond. 

1 • 4 Derive Ampere’s law for the motion of a single charge with velocity V, 
Treat only the case for which sin ^ = 1. 

1 • 5 Compare the effectiveness of iron and copper sheets 1 to 2 mm. thick 
as shields against 10 megacycles per second and 100 kilocycles per second 
radiation. 

1*6 Carry through the integration of the Poynting vector over a sphere 
and show that the value of the total energy radiated per second is %(cV/c®). 

1-7 Apply Stokes’ theorem to equation 113a for the case where only 
current flows and prove that ^ H dl = (4ir/c) (total current enclosed). 

1 • 8 Apply the above relation to prove that the peak current h across unit 
length of a conducting surface is ii » Hf2irc, where H is the magnetic field 
in a normally incident plane wave. 
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CHAPTER 2 


COAXIAL LINES, WAVEGUIDES, 
AND CAVITIES 


Microwave techniques are largely concerned with radiation 
which is confined in some way. This is done either for the purpose 
of transmitting power where it is needed, or else for building up a 
large field, which is generally then used to influence an electron 
stream and so maintain oscillations. In this chapter we accord- 
ingly consider coaxial line and waveguide, which come under the 
first class, and resonant cavities, which are in the second. 

The approach to all three of these is essentially the same. The 
boundary conditions will require that the electric field be normal 
to a conductor, the magnetic field tangential to it. These condi- 
tions, together with the basic electromagnetic equations, will 
determine the actual values of the fields. Naturally, very com- 
plicated solutions are possible, but, equally naturally, some very 
simple field configurations can be produced. By care in design 
the simplest configurations can be realized so that only rarely do 
complicated modes of electrical oscillation need to be considered. 
One of the simplest forms of oscillation is that in a coaxial line 
which is accordingly considered first. 


2*1 COAXIAL LINES 


For a great many purposes a coaxial line is an ideal method of 
power transmission. This is less true at microwaves than at wave- 
lengths in the neighborhood of 50 centimeters, but the fact remains 
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that an understanding of coaxial lines is one of the greatest aids to 
the understanding of microwave technique. Also, the field con- 
figuration in a coaxial line is simple and easily understood. There- 
fore we consider coaxial line as the first method of power transfer. 

Fields in a Coaxial Line 

A coaxial line is a very special form of confined space. It has 
an outer cylinder which, as we shall see later, is able to determine 



Fig. 2*1 Electric (solid arrows) and magnetic (dotted arrows) fields in a 
coaxial lino. The electric field is radial, and the magnetic field is circular. 
Direction of propagation is from left to right. The current flow in the center 
conductor is indicated by dashed arrows. 

to a very great extent the form of electric and magnetic fields 
which can pass down it. At the same time it has an inner cylinder 
which also has a strong effect on the field distribution. Therefore, 
as one might predict, the type of field found in a coaxial line is 
limited. Unless the wavelength of the fields is less than the radius 
of the outer cylinder only one mode can be transmitted. This is 
the mode which has the electric field radial and the magnetic field 
circularly around the axis, so fulfilling the boundary conditions. 
A diagram of this mode is shown in Fig. 2- 1. The strong limita- 
tion imposed by the two conductors is mitigated by another con- 
sideration, namely the fact that both inner and outer conductors, 
can supply charge and current distributions which make possible 
any rate of variation of the electric and magnetic fields along the 
direction of travel. For this reason the coaxial line is not fre- 
quency-sensitive. Whatever frequency may be applied to the 
line, the currents adjust themselves so that the field is transmitted. 
One other point can be made, namely that the electric and mag- 
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netic vectors are exclusively perpendicular to the direction of 
motion so that the velocity of propagation is the same as for a 
wave in the insulating medium without any conductors. The 
current flow is also indicated in Fig. 2*1. It oscillates back and 
forth as one would expect. 

Since the amplitudes of the electric and magnetic fields do not 
fall off appreciably in value along the line it would be expected 
intuitively that they fall off as 1/r, radially, this being a compro- 
mise between 1/r^, which holds for a single charge, and a constant 
value. This can be checked by an application of MaxwelFs 
equations ^ to give, for the electric field, in statvolts per centime- 
ter, and, for the magnetic field, in gauss: 


Ef. = — 

( 2 - 1 ) 

A 

Hr g2Ti{//-(a;/X)] 

r 


where r is the radius at which the field is observed and A is an 
arbitrary amplitude. Now if we pick the point at which electric 
field, magnetic field, and current are all maximum, thus removing 
the need to consider the exponentials, we can see an interesting 
relation. Suppose the radius of the inner conductor is a and that 
of the outer h. Let A = 1, so that the electric field at the surface 
of the inner conductor will be 1/a statvolt per centimeter. Then 
the line integral of the electric field from center to outer conductor 

is ^ = In . This is the potential difference in statvolts 

across the cable. The magnetic field at a radius r is 1/r gauss. 
By applying Stokes’ theorem to equation l*13a as in Prob. 1*7, 
the current is found to be 4iri/c = (l/r)27rr, where i is in stat- 
amperes. The current is therefore abampere. The same total 
current flows in the outer conductor in the opposite direction. 
We therefore see that, for a given pair of radii, for the inner and 
outer conductors we have a calculable voltage difference, yet have 
the same currents flowing. The current is constant because it is 
determined by the line integral of magnetic field which in turn 
depends on the field at xmity radius, which we fixed at unity. The 

^ See £. U. Condon, Beiw. Modem Fhye., 14 , 357 (1942). 

34 



voltage is not constant because it depends on the distance we go 
in the electric field (that is, on the radii of the conductors). We 
therefore have the following result for the ratio of maximum volt- 
age across the coaxial line to maximum current: 

h 

In- 

Ratio = statvolts/abamperes 
2 

Since 1 statvolt = 300 volts and 1 abampere == 10 amperes this 
becomes 

b b 

Zo = 60 In - = 138 logio - ohms (2*2) 

a a 

The quantity Zq is called the characteristic impedance of the line. 
The points of interest are that the voltage and the current are in 
phase, and that the impedance depends only on the ratio of the 
radii and is a real number. 

Before continuing the discussion of coaxial lines we wish to 
summarize the results of reasoning in terms of fields as given 
above. The boundary conditions limit the type of wave trans- 
mitted to fields of the type given by equation 2*1. The velocity 
of propagation is the same as for unconfined waves in the same 
medium. For an amplitude A, a current flows which has the 
maximum value A/2 abamperes regardless of conductor radii. 
The voltage across the line does depend on the radii, and the ratio 
of voltage to current is 60 In (6/a) ohms. 

Practical Use of Coaxial Cables: Reflections 

Cable is always used for a purpose; therefore the results given 
above for a uniform, infinite cable will not be directly applicable 
in practice. The question arises, how does the field adapt itself 
to the existence of bends, supports, side branches, and input and 
output equipment? Skill in understanding the adaptation and 
turning it to use is what makes a complete microwave engineer. 

In reality the adaptation is simple. The cable can transmit 
equally well in both directions. The introduction of some change 
in the cable therefore changes boundaiy conditions in some way, 
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and in order to keep the requisite continuities a reflected wave is 
set up. This wave can have arbitrary amplitude and arbitrary 
phase. Use of the variability of these two enables the new condi- 
tions to be met without violating the all-important field equations. 

The basic study is therefore that of the summation of incident 
and reflected waves, already described as standing waves. We 
consider these more fully in Chapter 4. 


2-2 WAVEGUIDES 

After what has been said about coaxial line the question arises 
as to whether the center conductor is needed and whether a single 
long metallic pipe can be used to confine electric and magnetic 
fields. The first speculation about this was made by Lord Ray- 
leigh in 1898.^ His analysis of the fields inside rectangular and 
cylindrical hollow pipes showed clearly that such pipes could be 
used to transmit electromagnetic radiation. He deduced correctly 
the facts about the minimum frequency which could be trans- 
mitted down a pipe of given size. The treatment he gives is simple 
and is, like everything Rayleigh wrote, well worth reading. From 
the entire absence of comment, however, it can be inferred that 
Rayleigh regarded his solution more in the light of an interesting 
mathematical problem than of one having any physical, let alone 
engineering, interest. 

Waveguides are nowadays out of the stage of study for their 
own sake. They are used for a purpose. This purpose is nearly 
always the. transmission of power either for subsequent radiation 
into space or for laboratory use. Therefore waveguides which 
supply this power in a form which can readily be fed into an 
antenna or another line are most commonly found. By far the 
greatest footage of waveguide is rectangular guide with the width 
about double the depth. This size is chosen because it transmits 
only one mode over a fairly wide frequency range, has a definite 
direction of polarization and low loss compared to coaxial line, 
and is reasonably easy to manufacture. Accordingly we can con- 
sider such a rectangular waveguide first. 

To find expressions for the fields in waveguide we consider the 
space inside the guide. The fields there must obey Maxwell’s 

• Lord Bayleigh, PhU Mag., 48, 125 (1898). 
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equations, and in addition the boundary conditions imposed by 
the presence of the rectangular conductor must be respected. The 
usual procedure is to obtain solutions for MaxwelPs equations for 
various forms of propagation and apply the boundary conditions 
afterward. To do this in general is really simple, but tedious, as 
it involves the multiple equations of three dimensions with 
two kinds of fields. We can show the principle fully, without 
much tedium, by selecting a very simple form of transmission. 
The more general case is worked out clearly in Slater’s Microwave 
Transmission,^ to which we refer the reader for a more complete 
treatment. 

We suppose that, with the coordinate system of Fig. 2 *2, there 
exists an electric field only in the y direction and magnetic fields 
only in the x and z directions. We represent these by 

(2-3) 


where C, D, and F depend on x and will have to be determined by 
the boundary conditions. The remainder of the expressions repre- 
sent wave propagation down the z dimension of the guide. Now 
if we apply equations 1 • 13a and 1 » 136 we find 


Ey 



dEy 

dx 



(2-4) 


dHx dHg j<a ^ 
dz dx c ^ 


By some rearrangement, making use of the form of the expressions 
in 2-3 we obtain for one equation, involving Ey, the relation 


d^Ey 

dx^ 



< McGraw-Hill Book Co., 1942. 


(2-5) 
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Lines of 
current 
flow 


Fig. 2*2 Fields and currents in waveguides. The mode shown is the TEio 
mode. The electric field is parallel to the short dimension, and the magnetic 
field runs around it. Currents flow up the sides into the middle of the wide 
dimension. The current is completed as displacement current due to the 
rapid time variation of the electric field across the guide. 
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This is a simple differential equation, which of course is satisfied 
by the expression for Ey in 2*3. The boundary condition for Ey 
is that it be zero at a; = 0 and a; = a. We can achieve this by 
making C take the form sin(7rZa:/a), where I is an integer. The 
second boundary condition applies the requirement that //» is 
zero at a: = 0 and a; = a. This is again satisfied by making D 
take the form sin(7rZa;/a). Now the first two equations of 2*4 can 
be combined to give 


djh 

dx 


= -jkHz 


and this requires that F take the form cf)s(7rZa*/a). 
We therefore find for the three fields 


Ey = Ay sin 


irlx 

a 




H:, = sin — (2 * 6) 

a 

tIx ...» V 
= G,cos — 
a 

The fields and currents appropriate to the case where Z = 1, 
designated as a transverse electric or the TEio mode, are shown 
in Fig. 2 * 2. The electric and magnetic fields are shown together 
in (a), and separately in side and top view in (6) and (c). The 
lines of current flow are shown in (d). It is of interest to see that 
a slot along the center of the wide side of the guide does not inter- 
fere seriously with the current flow. On the other hand a slot 
down the length of the narrow side cuts across the current and 
produces a maximum disturbance of the wave. Thus it is pos- 
sible to tolerate a slot in the wide side of the guide without much 
loss, but a slot in the narrow side results in considerable loss and 
indeed can be made the basis of an antenna feed, the so-called 
leaky waveguide feed. 

Equations 2*5 and 2*6 are full of meaning. Consider first the 
quantity This appears on the right in equation 

2*6, and on substituting the expression for Ey from equation 2*6 
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we see that the width of the guide affects its value. For the 
simplest case, where ? = 1, we get 



(2*7) 


This relation shows a very important property of waveguides. 
The quantity k must be real, since it occurs in the exponential in 
a factor multiplied by j. If k is imaginary the two factors j give a 
real negative term in the exponential. This is interpreted as an 
exponential decay of the field strength. Substitution of values for 
an imaginary k in the wave equation show that the decay is ex- 
tremely rapid.* Indeed it is similar to a process of reflection, in 
which the field is effectively rejected. Returning to our equation 
we see that this means that when is greater than the 
value of k is imaginary and the w*aveguide will not accept the electric 
and magnetic field at ihM frequency. For a given value of a, the 
guide width, there is, therefore, a cutoff frequency given by = 
or / = c/Ja. In terms of wavelength this appears com- 
pactly as 

X g 2o 

The free space wavelength must therefore be less than twice the 
guide width in this mode. We can apply the same reasoning 
to other modes. A most informative w^ay of looking at this has 
been suggested by Hansen.® He points out that the second deriv- 
ative with respect to a coordinate is the primary factor in the 
determination of the curvature of the field along that direction. 
Then the general requirement of an equation of the type 

^ ^ d^E^ 1 d^E^ 

which is the three-dimensional wave equation, is one of restricting 
the total curvature because d^Ex/dt^ is determined by the frequency. 
Now if we proceed to fit a wave very tightly into a guide, the elec- 
has to be zero at the sides separated by the width a, and 

we wish to transmit 10,000 me down a waveguide 1 cm wide. 
Then we have /f® «« — (%)ir® or fc ■■ 2.3j. The field therefore drops to 1/2.7 
of its value in 0.4 cm. 

•W. W. Hansen, “Notes on Microwaves,” Radiation Laboratory Report 
(1942). 


40 



this automatically supplies a curvature to the wave which gets 
greater the smaller we make the width. This high curvature must 
be compensated for in some way, and even if we put no additional 
restriction on the curvature we can see that the space dependence 
of the wave down the pipe, which is controlled by fc, must adapt 
itself, since we suppose the frequency to be fixed. This is exactly 
what takes place. The wavelength increases as the guide is nar- 
rowed until at cutoff the wavelength is infinite. 

The wavelength is given by Aj = 27r/X. It is, for this simple 
mode, as deduced from equation 2-7, using Xo for free space wave- 
length and Xc for cutoff wavelength. 



Along with this change of wavelength goes a change in phase 
velocity and group velocity. The phase velocity is the velocity of 
arrival of the electric field. It is simply the product of frequency 
and guide wavelength, and therefore it is 


^phasc 



(2-9) 


The group velocity, the velocity of energy propagation, is given 
by d<aldk and is, from equation 2*7, seen to be 


cVc (? 

^group ~ “ 

^ ^phase 



( 2 . 10 ) 


Notice that a signal travels with the group velocity which is 
lower than the velocity of light. On the other hand, the field 
arrives at points down the guide with the phase velocity and is 
faster than light. The last fact makes the design of some kinds of 
waveguide electron accelerators difficult because the material 
electron always falls behind the non-material field,® 

® Note that the phase velocity is not a velocity of propagation because it is 
not measured along the direction of energy flow. The velocity of the point 
of intersection of a ^helical wave with a plane can be infinite and represents 
the velocity of arrival of the field; not, however, measured along the direction 
of |»ropagation of the wave. 
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If equation 2*6 is examined carefully it is seen that the fields 
can be duplicated by a fresh method of description. This has 
been developed by Adams and Page ^ and is a powerful method of 
describing the events in a waveguide. In place of a single field 
representation the field is ascribed to two plane waves traveling 
across the waveguide so that they are continually crossing and 
recrossing one another. It can be seen that this enables the 
representation of the curvature across the guide to be given. If 
the waves do not cross at all they are simply plane waves and 
there is no curvature. Of course, neither is there any guide. If 



(a) (6) (c) 

Fig. 2-3 Wavefronts in a waveguide: (a) shows the situation where the 
wavelength is short and th(‘ waves advance nearly down the guide; (r) shows 
the case where the wavelength is nearly double the guide width and the waves 
proceed nearly perpendicular to the direction of the guide. 

they cross ^^head on^^ there is developed the maximum curvature 
of a standing wave. This is all the curvature that can be ob- 
tained; if it is not sufficient there can be no waves at all. The 
critical wavelength is double the guide width because the dis- 
tance from node to node in a standing wave is half the wave- 
length. 

Intermediate values of curvature can be arranged by letting 
the waves cross at lessening angles. This is shown schematically 
in Fig. 2*3. In (a) are shown the conditions when the width is 
ample. The waves travel nearly directly down the guide, and the 
phase velocity, which is the velocity which the points X develop, 
is not much higher than that of light in a vacuum. In (c) are 
shown the conditions near cutoff. The phase velocity is very 
great. The group velocity, which corresponds to the arrival of 
the plane waves themselves (having traveled many crisscross 
paths) is very small. 

Description of other modes will be postponed to Chapter 4. 
We can add here a little about attenuation in waveguides. 

^ N. I. Adams and L. Page, PhyB. Rev,, 62, 647 (1937). 
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Attenuation in Waveguides 


The fact that energy is dissipated in the currents which flow in 
the metallic walls determines the attenuation in waveguides. It 
can be supposed that the energy present in the skin depth repre- 
sents the energy lost, and the rate of such loss per second can be 
thought of as the energy contained in a volume equal to the skin 
depth times the guide perimeter times the distance of travel in 
one second, Vg, To obtain an approximate figure it can be sup- 
posed that the entire energy in the skin depth is magnetic, which 
has been shown to be nearly true, and is due to a magnetic field 
which is half that at the surface. The energy lost per second is then 

per* meter 

The energy transferred per second is I E X H*dS, the integral 

47r J 
area 

of the Poynting vector. Hence if dP/P is written for the ratio of 
power lost to power transmitted 

2 J- vg f dl 
dP J 

perimeter ( 2 - 11 ) 

^ Je X H dS 

This leads to an exponential absorption with the absorption co- 
efficient derived from the two integrals of the above formula. 
Evaluating these for a rectangular waveguide leads to the expres- 
sion for attenuation in decibels per foot: 


attenuation = 


0.11 




H 




( 2 - 12 ) 


where /c is the cutoff frequency, / is the frequency, and o and b 
are the wide and narrow guide widths in inches. Appljdng this 
equation to the standard guide used for l(X-centuneter micro- 
waves we have / *= 3000 megacycles, /. = 1600 megacycles, 
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roughly, and the result obtained is 6.6 X 10“*^ decibel per foot. 
Accordingly one can transmit for 200 feet in such waveguide with 
a loss of only 1 decibel. This very low loss is due to the large 
ratio of volume to surface in the guide. Waveguide is clumsy 
but has its compensations. 

It is interesting that dirt does not greatly affect the loss in the 
guide unless it is partly conducting. A thin sheet of water in a 
guide gives very rapid attenuation. 


2-3 RESONANT CAVITIES 

The most firm restriction on the shape of an electromagnetic 
field is given by a closed conducting cavity. It is not at all sur- 
prising that only certain discrete frequencies can be maintained 
efliciently in such cavities. Of interest in addition to this fact is 
the size of field that can be developed and also its precise con- 
figuration, because both of these prove to be important in develop- 
ing oscillators or building accelerators for electrons and protons. 

First consider the effect of confining the field in a rectangular 
cavity. This shape is chosen solely for the purpose of illustrating how 
cavities behave. Rectangular cavities are rarely used in practice. 

It has been seen in a waveguide that the boundary condition, 
that there be no tangential electric field at the conductor, is met 
by two waves traveling at an angle to the guide and crisscrossing 
continually. The only frequency requirement set up is that of a 


<<»> (6) (c) 

Fig. 2 ‘4 Showing (a) the electric field, (b) the magnetic field, and (c) the 
current in a simple mode of oscillation in a rectangular cavity. 

minimum frequency which can be transmitted. Much the same 
process has to occur in a cavity, but there is now the added re- 
quirement that reflections occur from the ends and also from the 
top and bottom and yet a stable field pattern result. This can be 
followed in a simple case, and the general result can then be 
accepted. In Fig. 2*4 is shown a rectangular cavity carrying a 
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very simple mode of oscillation. This is achieved, as for a wave- 
guide, by the reflection of two crossing waves first from the widely 
separated sides, second from the closely separated sides, the top 
and bottom being no concern in this mode. For a stable field 
pattern the distance C must be one-half guide wavelength for 
guide of width A, and, vice versa, A must be one-half guide wave- 
length for guide of width C. 

Taking the values from equation 2-8 it can be seen that 



Either of these leads to 

1^1 I 
(2A)2 i2Cf ~ V 

The general result whi^'h applies when reflections from all three 
pairs of faces are possible is 

Z, m, n are integers, and only one of the three terms on the right 
can be zero. The case where Z = m = 1 and n = 0 is shown in 
Figs. 2*4 (6) and 2-4 (c). The electric vector is distributed as 
shown, the magnetic field is around the walls of the cavity, and 
the two field distributions are made possible by current flow as 
indicated in Fig. 2*4 (c). The current actually pulses back and 
forth. Only one surge is indicated. It can be seen that, if we 
imagine the top and bottom surfaces to be the plates of a condenser 
connected by a kind of distributed wire to carry the current flow, 
we have an analogy to an LC circuit in which the inductance is 
distributed over a number of wires. 

The rectangular cavity we have described is not the only form. 
Many others exist. Some of these are shown in Fig. 2 *6. The 
cylindrical form in (a) needs little further comment. Inspection of 
Fig. 2*4 will already have shown how the electric field tends to 
concentrate in the center of the cavity for the rectangular case. 
This is also true in the cylindrical case. The magnetic field is 
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around the circular part of the cavity. For such a mode of oscilla- 
tion the resonant wavelength is given by 



where I is an integer, and r and h are as shown in Fig. 2*5 (a). 
This resonant wavelength is for this one type of mode only. For 



Fig. 2*5 Schematic diagrams of various types of resonant cavity. 


other modes the second term in the denominator is changed. It is 
actually fixed by the solution of a Bessel equation. 

The two ‘ 'doughnut” oscillators shown in (6) and (c) are impor- 
tant because they approximate a very common form of cavity 
used in practice. In order to excite cavities directly by electron 
streams it is often necessary to keep small the distance traversed 
by the electrons. By building the cavity of the shape shown in 
(6) or (c) the electric field is concentrated in a small distance. 
This is the type of cavity found in a klystron (Chapter 3). The 
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resonant frequencies / in megacycles for these are given by 


Type®: 


Type (c): 


3 X 10^ 


/ 

3 X 10^ 

/ 




/Wa^ 6\« 

V 

(2-16) 


where the lengths are measured in centimeters and are as shown 
in Fig. 2-5. 

The coaxial resonator shown in (d) is of interest since it provides 
a very strict limitation on the mode of oscillation. The field is 
limited to the form of radial electric and circular magnetic fields. 
Waves of frequency such that they will fit as standing waves into 
this pattern, having E zero at each end of the cavity if it is closed 
off, can excite such a cavity. The first mode of oscillation is 
accordingly that for which the wavelength is twice the length of 
the cavity. This is so simple a mode of oscillation that such 
cavities are chosen as wavemeters. Note here the analogy with 
acoustic resonators which are tubular in shape. 

Substitution of numbers in any of these expressions shows that 
cavities tuned to frequencies up to 30,000 megacycles (X = 1 cen- 
timeter) are readily obtainable. 


Energy Storage in Cavities 

We have already seen that the boundary conditions for confining 
electric and magnetic fields are not perfect. The penetration of 
the field into a metal is not great but it is finite. This fact has an 
important bearing on the behavior of cavities. Consider a per- 
fectly conducting cavity. Imagine energy fed in slightly off 
resonance. In order for this energy to remain in the cavity a form 
of oscillation which is not perfect must exist; there must be a slight 
value of .E at a surface where ideally it should vanish. If the con- 
duction is perfect this slight value of E invokes huge currents which 
continue as long as E attempts to maintain its value. These huge 
currents can be looked on as rejecting power, with the result that 
the cavity refuses to accumulate energy. On the other hand, if 
the cavity walls have some resistance there will be a minimum 
value of E below which there will be inadequate current to cause 
the vanishing of J?, because a certain current requires a certain 
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field. Up to this not very definite value the cavity will be able to 
accept energy. This means that the cavity becomes less selective 
of frequency, which may or may not be desirable depending on * 
what the cavity is to be used for. 

Selectivity is a commonplace in radio engineering. It has be- 
come usual to describe the selectivity of an oscillatory circuit in 
terms of a quantity Q which is variously defined. Sample definitions 
are: f/2Q is the number of cycles off resonance for 70.7 per cent of 
peak current (this is a definition directly in terms of the resonance 
curve) ; Q = wL/iJ, where L is the inductance, R the resistance in 
an oscillatorj^^ circuit, and co the angular velocity of vector rotation 
describing the^frequency of oscillation. This definition is useful 
for direct substitution in equations of circuits. The first definition 
is, of course, applicable, but it does not help in making estimates 
of the behavior of cavities; the second is hard to use. There is an 
equivalent definition: Q is 27r times the ratio of the energy stored in 
the circuit to the energy lost per cycle. It is equivalent to stating 
that the rate of loss of energy is given by 

energy at time t _ 
initial energy 

This is readily applicable to cavities. 

The energy stored in the free space of the cavity is (l/8ir)(E^ + 
H^)dVj where V denotes volume. We have pointed out that 
some energy penetrates into the walls of the cavity in the region 
of the skin effect, and we can suppose that this represents the 
energy which is being bled off. As we start oscillations in the 
cavity the energy we supply goes to increasing the energy in the 
space and only in small part to the walls. However, as the energy 
stored increases so does the loss due to the skin effect until a limit- 
ing condition is reached where the energy provided in a new cycle 
of feeding in power is all lost in the walls. This quantity can either 
be calculated by a fair amount of mathematics or measured ex- 
perimentally. It is possible to get some idea of Q for a cavity, and 
also of the factors that operate to improve or lessen it, by assum- 
ing that the average value of H is one half that at the surface and 
that the energy in the volume of the walls defined by the skin 
depth is lost. We also assume that E and H share energy equally. 
Then we get for the energy stored (l/8ir)(2£r)^7, where F is the 
cavity volume, and for the energy lost (l/87r)(2H)^/PTar where 
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St is the surface area of the cavity and a is the skin depth. We 
thus find the approximate relation 



(2*17) 


A cylindrical cavity with a volume of 100 cubic centimeters has a 
wall area of about 200 square centimeters. At 10 centimeters 
wavelength the skin depth is about lO'^'* centimeter, so that a 
Q of 1007r/(200 X 10~^), or 15,000 
roughly, would be expected. This is 
much higher than the values of Q at- 
tainable in the kilocycle region by the 
use of coil and condenser tuned circuits. 

For such circuits a Q of 500 is good. 

Indeed, one of the problems of micro- 
wave practice is that of avoiding the 
high selectivity which is provided by 
large metal surfaces. 


Voltage Developed in Cavities: 

Shunt Resistance 

For many purposes a cavity is re- 
quired to develop a voltage which is 
used for a secondary purpose. For ex- 
ample, the cavity may be part of a 
microwave oscillator and so may have 
to control an electron stream. Or it 
may be part of a nuclear accelerator 
witili the aim of developing high energy protons or electrons. It 
is therefore important to have some figure associated with a 
particular kind of cavity which will enable the voltage developed 
to be calculated. 

The voltage developed is calculable from equation l-C. This, 
in words, states that the emf around a circuit is equal to the rate 
of change of magnetic flux threading the circuit. The circuit we 
can choose is shown in Fig. 2*6, where we take the whole of the 
electric field in going across the cavity and enclose the whole 
magnetic flux also. Since we are dealing with air which has ^ = 1 
we have 



Fig. 2*6 The voltage de- 
veloped in a cavity. The 
circuit is in a region of zero 
field except within the cavity 
where it runs along the high- 
est electric field. Since it en- 
closes the whole magnetic 
flux the time rate of change 
of the magnetic flux enables 
the voltage to be found. 
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Voltage = i J 


dH 

dt 


• dS statvolts 


(2.18) 


This enables us to calculate the voltage for any given value of the 
electric and magnetic fields in the cavity. Actually this is not of 
very great use because we are really interested in knowing the 
voltage which we can develop when the power we feed in is in 
equilibrium with the power lost m the walls. The considerations 
of the previous paragraph showed that the energy lost per cycle 
is (l/2ir)H^STCL, If the frequency is / the energy lost per second is 
then (f /2T)II^STa, Now we can define the shunt resistance by 
using the familiar relation 

(voltage)® 
power Ir>st = 

Rs 

in which case we find that 


(voltagx?)® 
n® — - 

power lost 



H^Sraf 


(2*19) 


For rough thinking we can see that, if we deal with averages, the 
average of {dH/dif is roughly since H is of the form 

^^ 2 irjl/t~(arA)i ^ across the cavity and the area of 

the periphery are geometrically related; therefore we can reduce 
Rs to a quantity of the form 

f 

Rs = constant X area X ~ (2-20) 

a 


where the area term includes the geometrical relation mentioned 
above. The relation is, of course, different for different shapes of 
cavity. 

Values for Rs are given in Table 2*1. They are around a half 
megohm. This high figure shows that a microwave cavity is an 
important source of voltage. If as little as 1 watt is fed into a 
cavity with a shunt reistance of 1 megohm it will develop 1000 
volts at the position of maximum voltage. The control of an elec- 
tron stream by this voltage is therefore no slight matter; in fact 
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it exceeds the control voltages used in all but the highest power 
radio tubes. This point is made here because one's first impression 
of microwave technique is that it involves small voltages and low 
powers. The reverse is true. The high voltages developed in 
cavities render possible the control of large amounts of electronic 
energy, with the result that very large amounts of r-f power can 
be developed. 


Cavities in Practice 

A common use of cavities in practice is the development of 
voltage, but this is not the only use. Cavities are used as tuning 
devices, as wavemeters, and as ifilters. One of the most frequently 
used cavities is the elongated doughnut, or loaded cylindrical 
cavity, shown in Fig. 2*5 (e). This shape develops the voltage 
variation across a relatively narrow gap, which permits the control 
of an electron beam without too much 
trouble from the finite velocity of the 
electrons. In addition it is easy to con- 
struct. The actual resonant frequen- 
cies for various values of the radii and 
lengths have been worked out. Some 
rather heroic approximations are given 
in Table 2-1. Fuller information is 
given in several sources.® 

The excitation of cavities is impor- 
tant. It is necessary that the type of 
excitation have at least a component 
of either the electric or the magnetic 
field in the direction required by the 
cavity oscillation. Thus to excite a 
cavity such as a cylinder, a loop like that indicated at A in Fig. 
2*7 may be employed. A loop at position B is not satisfactory be- 
cause the magnetic field of the cavity oscillation does not thread 
the loop. For the same reason a probe at position A does not 
work. Excitation by waveguide is generally at position A wdth 

® See for example Microwave Transmission Design Dala, Sperry Gyroscope 
Company (1944), pp. 198 et seq., or Terman, Radio Engineers Handbook^ 
McGraw-Hill Book Co., 1943, pp. 264 et seq. 
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Fig. 2 • 7 Excitation of a 
cavity by a loop or a probe. 
The loop produces a mag- 
netic field where the oscilla- 
tion produces the highest 
magnetic field. The probe 
excites the vertical electric 
field. 



Features of Cavities 
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is the mth extreme of J n{u)f or the 
with root of /'n(w) = 0 

u\i = 3.832, w'i,i = 1.841 
= 7.016, m'i,2 = 5.330 
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the guide turned so that the electric vector in the guide is parallel 
to the electric vector in the cavity. 

Designation of Modes 

The various modes of oscillation in a cavity are designated by 
numbers. A mode is referred to an axis of some kind. The field 
which is not in this axis, and which is accordingly transverse to it, 
is then used to designate the mode. Thus, if we pick the axis of a 
short cylinder as the reference axis and if the electric field is along 
this axis, the magnetic field is necessarily transverse to it. Such a 
mode is called a transverse magnetic or TM mode. A mode in 
which the electric field is along radial lines has no electric field 
along the axis and so is called a transverse electric or TE mode. 
The numbers which pertain to the appropriate solution of the 
field equations are added as subscripts. 

These numbers are exactly analogous to quantum numbers in 
atomic theory. They are not so important because it is generally 
vital to eliminate all but the lowest mode to produce the desired 
operation. Consequently it is not necessary to memorize a com- 
plicated set of designations. One point is worth making, how- 
ever, and that is that the numbers used in mode designations for 
different geometrical shapes do not designate the same field con- 
figuration. Thus a mode which is TEio in rectangular waveguide 
maintains very nearly the same configuration if a taper join to a 
cylindrical guide is made. It is there designated as TEu. 

Summary 

The nature of electrical oscillations in coaxial line, waveguide, 
and cavities has been considered. The boundary conditions greatly 
limit the form taken by the fields. In coaxial line it requires a 
special field distribution. In waveguide it necessitates a certain 
minimum wavelength and also certain definite field configurations. 
In cavities the limitation takes the form of suppressing all but 
certain definite frequencies. 
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PROBLEMS 


2 • 1 Find the change in resonant frequency of a rectangular copper cavity 
which is cooled from 20 °C to — 258®C, assuming the skin depth to be added 
to the dimensions. Take A ^ B ^ b cm, (7 = 1 cm, and treat the lowest 
mode. 

2-2 Estimate the cost of gold-plating 100 ft of 3 by 1}^ in. waveguide to 
the skin depth at 10 cm free space wavelength. 

2-3 Calculate the guide wavelength and phase velocity in a waveguide 
3 in. wide at 4000, 3000, 2500 me. 

2 • 4 Calculate the peak voltage developed in a cylindrical cavity oscillating 
in a TM mode, Z = n = 0, w = 1 when 1 megawatt of power is fed in. Take 
r = 20 cm, 6 = 10 cm. 
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THE PRODUCTION OF 
MICROWAVES 


There has for a long time been a considerable interest in the 
production of very high frequency radiation. It was realized 
almost without trial that the conventional resonant circuit so 
widely used in the production of radio broadcast frequencies would 
not be suitable for the production of microwave oscillations. 
With a conventional circuit having a capacitance of 1 micro- 
microfarad and an inductance of 1/100 microhenry, both of which 
are obtained only by the utmost care applied to the reduction 
of stray effects, the resonant frequency is about 2000 mega- 
cycles per second, which is by no means high in the microwave 
region. 

Some success was obtained with parallel wire lines attached to 
triodes in which the electrons performed oscillations about the 
grid, the so-called Barkhausen oscillations. The excitation of 
iron ffUngs suspended in oil was also studied as a means of exciting 
short wave radiation. The remarkable work of Cleeton and 
Williams in 1934 was performed with split-anode magnetrons and 
very short, enclosed. Lecher wire oscillators. However, no great 
success was attained until attention was turned to the excitation 
of oscillations in cavities. 

The first published account of reasonably satisfactory micro- 
wave oscillators came in 1938 from Stanford University, where 
analyses of cavity oscillations were made by Hansen, and the 
velocity modulation tube, known as the klystron, was designed by 
the Varian brothers. The idea of exciting cavities was taken up 
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in several places and there resulted the ''lighthouse tuW' triode, 
developed by McArthur at the General Electric Company, which 
can produce very effective oscillations in the longer microwave 
region; and the cavity magnetron which amazed the Anglo- 
American scientists at the onset of the war by its ability to deliver 
enormous power when put into pulsed operation. The magnetron 
development came from Birmingham University in England, and 
the credit goes to Oliphant and his group including Randall, Boot, 
and Duke. 

This chapter comprises an account of these three methods of 
exciting cavity oscillations and a description of the major charac- 
teristics of the tubes which are used for the purpose. 


31 AAAINTENANCE OF OSCILLATIONS IN CAVITIES 


The most effective method of supplying energy to maintain 
oscillations is to control the motion of electrons. These are 
readily responsive to high frequency fields on account of their 
light mass, and at the same 
time they can produce a rela- 
tively large effect on account 
of their charge. The simplest 
manner of using electrons is 
shown in the familiar triode 
oscillator illustrated in Fig- 
ure 3 • 1. 

Two re-entrant cavities are 
placed back to back. The sur- 
face of one is coated with 
electron-emittmg material and 
is heated by a hot coil to pro- 
vide the electrons. The sur- 
face opposite is made into a 
grid. The space charge be- 
tween the cathode C and the 
grid G is therefore, as in a 
normal triode, susceptible to the effects of an r-f voltage on 
the grid. The re-entrant surface of the second cavity is cut 
free from the rest oS. the metal and is insulated from it by a 
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Fig. '3*1 Illustrating the mode of 
action of a simple cavity oscillator con- 
sisting of two resonant cavities coupled 
at the grid of a triode. 




very thin layer of insulator such as mica. This layer actually 
changes the structure of the cavity but it can be tolerated 
because the region near the gap of the cavity is one in which con- 
duction current does not flow heavily, but there is a large and rap- 
idly changing electric field. A reference to the currents in the rec- 
tangular cavity illustrated in Fig. 2-4 shows that this is so. This 
point may also be expressed by the statement that the require- 
ment that the normal electric field end on the re-entrant plate is 
satisfied if there is free charge there. This charge can be supplied 
from the external circuit if necessary. The reason for this insula- 
tion is to permit the plate P to be maintained at the required d-c 
potential to operate as a component of a triode. 

Since the grid is shared by both ca^’ities there is considerable 
coupling between them and this coupling is favorable to oscilla- 
tions. If a situation is imagined where the grid goes slightly posi- 
tive, there will be a flow of electrons to the plate, which will cause 
the plate to go more negative. The field across the gap then 
increases and so builds up the flow of electrons until the cycle 
ceases because the supply of electrons runs out. In turn, a rise is 
caused in the plate voltage, and the whole process reverses until 
the electron flow is shut off by the negative voltage of the grid. 
The action is just like that of a tuned plate-tuned grid oscillator. 
The power is fed out from the upper cavity by a loop terminating 
a coaxial cable. The loop is threaded by the magnetic field in the 
cavity, and a voltage is excited in the conductor which starts r-f 
energy going down the cable. 

Notice two design features which are common in r-f technique. 
The first is the isolation of d-c voltage with thin mica which does 
not interfere with the radiofrequency currents; the second is the 
pickup loop formed at the end of a coaxial cable which is the com- 
monest method of extracting r-f power from an oscillating 
cavity. 

It is obvious that there is nothing new or startling about this 
t3q)e of oscillator. Why then has it taken so much research to 
complete the development? The answer lies primarily in the 
necessity of maintaining the required phase rehiwndvip between 
the field and the electrons, and secondarily in the need for con- 
struction of a special tube to fit the two cavities and of methods 
of tuning. These can now be discussed, but the discussion will be 
dearer if we consider an actual tube and how it operates. 
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The Lighthouse Tube 

In Fig. 3*2 is a schematic drawing of a GL446 lighthouse tube 
in a coaxial cavity oscillator; E. D. McArthur is responsible for 
the design. This arrangement is electrically the same as the cir- 
cuit in Fig. 3 • 1 but the grid cavity is folded back around the plate 
cavity to make possible the insertion of the tube and also to sim- 
plify the tuning adjustments. The tube is designed so that cath- 



3 


( 6 ) 


Fia. 3-2 Schematic drawing of a lighthouse tube and associated cavities. 


ode, grid, and plate can be attached to spring fingers forming part 
of the metal cavities. The heater is supplied from a conventional 
octal base. Tuning is accomplished by moving the two shorting 
plimgers CC and JDD. The plate is insulated by means of a mica 
ring at. the top of a long plate lead running down the inner con- 
ductor of the plate cavity. The cavities are generally set at about 
the required positions by measurement, and then fine tuning is 
achieved by a slight motion of the plate rod in and out, the plate 
connector on the tube having a little extra length to allow 
this. 
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We can now discuss some of the design problems. There are 
three major ones, namely phase relationships, power dissipation, 
and mechanical cavity construction. 

Phase Relationships, Two factors operate to spoil the correct 
phase relationships between the electrons and the fields. The first 
is interelectrode capacitance^ and the second is transit time. 

At these frequencies the reactance of small capacities is con- 
siderable, for example 17 ohms for a l-micromicrofarad capacitance 
at 10,000 megacycles. If such a capacitance shorts the grid and 
plate because of any factor not actually part of the oscillating 
cavity a phase shift will be introduced which can disturb the 
arrival of the electrons at the plate and reduce efficiency to a 
point where the tube will not operate. Hence tubes must be de- 
signed with small interelectrode distances so that stray capac- 
itance effects are minimized. Up to oscillating frequencies of 
around 3000 megacycles this is the most important factor in de- 
sign. Above 3000 megacycles the effect of transit time becomes of 
paramoimt importance. 

Transit time is a rather general term given to the time taken by 
electrons to move between electrodes. It is usually wholly negligi- 
ble, but not at microwave frequencies. This can be shown as follows: 
the relation giving the velocity of an electron is derived from 
y^mt^ = Uc, where m is the mass of the electron in grams, v the 
velocity in centimeters per second, V the potential drop through 
which the electron falls in statvolts, and e the electronic charge in 
statcoulombs. Reduced to a relation between volts and centi- 
meters per second this becomes 

Velocity = 6 X 10^(volts)^ (3-1) 

This relation holds, of course, only for low velocities where the 
mass is effectively the rest mass. 

Suppose that the grid and plate are separated by 1 millimeter 
and that there is a potential difference of 100 volts between them. 
If an electron moves across, the time of flight is H X 10~^ sec- 
ond. At 1500 megacycles the time of one whole osciUatimi is 
% X 10“^ second, or twice as long. This would be most unfortu- 
nate from the point of view of maintaimng oscillations, for the 
plate would receive current at a phase exactly opppmte to what it 
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called for at the time the electrons were detached from the space 
charge. The distance of 1 millimeter is therefore much too great 
for the grid plate spacing at 1600 megacycles. This is one new 
kind of limitation on microwave triode oscillators. 

To describe the transit time in terms which show its relation to 
the frequency, it is generally expressed as a transit angle, which is 
simply the phase angle occurring in the time required by the 
transit of the electrons. In the case above it is t radians or 180®. 
The transit angle increases roughly linearly with frequency. 
Thus if a tube is constructed with spacings of the order of a third 
of a millimeter it might oscillate satisfactorily at 2000 megacycles 
but would have five times the transit angle at 10,000 megacycles 
and very probably would not oscillate. 

Power Dissipation. The second consideration listed above is 
the power dissipation. A vacuum tube with small interelectrode 
spacings must have a fine wire grid and will therefore have a very 
poor design for dissipating heat. Accordingly it cannot be expected 
that under continuous oscillation these triodes will give out more 
than the order of a watt. Under pulsed conditions where the tube 
is on for only a fraction of the time the peak power output may be 
considerably more — of the order of a kilowatt. Actually the ex- 
perimental utility of this kind of triode may be very great. For 
nuclear accelerators the frequency required is lower than was 
found optimum for radar development. At about 50 centimeters 
wavelength the effects of both transit time and stray capacitance 
are very much less, and sturdier construction is possible. Already 
tubes are available in experimental form which are potentially 
able to give a megawatt of pulsed power at low ratios of *‘on 
time'^ to “off time.*' 

Cavity Construction. The third consideration, cavity design, 
naturally depends on the use to which the tube is to be put. As a 
laboratory oscillator the cavity design can require careful ma- 
chining. For production in large q^uantities, as part of a mass- 
produced radar beacon, for example, this is not feasible, and much 
thought must be given to the design. The method of using coaxial 
cavities and sliding tuning as shown schematically in Fig. 3*2 
seems to be successful. The tube can also be applied to more 
conventional cylindrical cavities, 
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3-2 VELOCITY MODULATION: THE KLYSTRON 


The apparent disadvantage of transit time is made use of in 
velocity modulation oscillators, of which the klystron, invented by 
the Varian brothers,^ is the best known. The klystron has been 
considerably developed by the Sperry Gyroscope Company and 
Bell Telephone Laboratories, with help from the Radiation Lab- 
oratory, and is now one of the most useful and adaptable tubes 
for microwave research. It operates on a totally different prin- 
ciple from the ordinary triode in that space charge is no factor in 
the operation and also in that the phase of the electrons is con- 
trolled by controlling their time of flight. 

Stated briefly, the klystron lets the r-f field of a cavity act on a 
stream of electrons. The uniform stream is then broken up into 
regions of large and small density. This ^'bunched'’ electron beam 
is then reflected back through the same cavity, the time being 
controlled by the reflector voltage to cause still more oscillations 
in the cavity. The great advantage is the lack of necessity for 
small spacings; a second advantage is the ability to control the 
frequency of the oscillations by manipulating the phase of the 
electron beam. 

A schematic drawing of a reflex klystron is shown in Fig. 3-3. 
A cavity of the re-entrant type is made of material suitable for 
sealing to glass. A gun structure is sealed to one end and the 
reflector plate to the other. The cavity is maintained at ground 
potential while the gun structure is held at suitable voltages to 
deliver a beam of electrons through the narrow part of the cavity. 
This is drilled out and a grid structure fastened to it to permit the 
flow of electrons. The electrons are then repelled back through 
the cavity by a negative voltage on the reflector plate. Since any 
variation in voltage on either the reflector or the gun structure 
will change the speed of the electrons and therefore their phase 
relationships, it is necessary to use a well-regulated power supply. 
The design of these is discussed in Chapter 10. The klystron is 
tuned with respect to coarse adjustment over, say, 50 megacycles 
by means of cavity distortion. The cavity is made of flexible 
metal and can be put out of shape by adjusting three tuning 
screws. After this has been done and the klystron has been 

» R. H, Varian and S. F. Vaiian, /. Applied Phpe,, 10, 821 (1939). 
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brought to the right range of frequency there is usually enough 
control over the frequency by means of the reflector voltage to 
complete the tuning. Power is fed out by the usual method of a 
loop and coaxial cable. A waveguide can also be fed by an *‘iris*^ 
output of the type described in Chapter 4. 

The general principle of operation of the klystron is simple; the 
detailed behavior is more complicated. The first point to under- 
stand is hunching. The electrons which traverse the gap in the 



Fig. 3*3 Schematic drawing of a reflex klystron. The electron stream is 
modulated by the cavity oscillations on the way out, and on its return it is so 
bunched that the field of the electrons increases the amplitude of oscillation. 

absence of oscillations will be roughly uniform in density * and will 
return in the same manner. There will be no sustained periodic 
variations of voltage in the gap due to irregularities in the electron 
stream. But if an r-f field exists, the electrons will be accelerated 
through the gap in one phase, while in the other they will be 
retarded. Tlus will cause a relatively low density in between, for 
electrons will travel faster out of this region and will fall behind 
because of retardation. Where the faster electrons catch up to a 
previously retarded group there will be bunches of higher density. ^ 
The formation of regions of high density is not too simple to de- 

* The non-uniformity is due to the random emission of electrons from the 
filament. This emission is not modified as in a triode by accumulation to 
give space charge, but is present to its full extent. A klystron is therefore 
somewhat ^^noisy’^ and cannot be used as an amplifier where signal-to-noise 
ratio is important (cf. Chapter 8). 
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scribe numerically as it depends on the original velocity, the 
value of the r-f field, and the drift distance after the gap. How- 
ever, when this bunching exists it is clear that the current flowing 
out through the gap is not as a rule the same as that flowing back, 
and so there will now be periodic variations of field in the gap due 
to the electrons as well as to the cavity oscillation. If these 
periodic variations can be made such as to maintain oscillations, 
the tube works. Considerable control can be exerted by the re- 
flector voltage which determines the drift time and, therefore, the 
phase of the field due to the electrons. 

A certain amount of imderstanding of the process of bunching 
can be obtained from Fig. 3*4. In (a) is shown a representation 
of a klystron with the gun structure represented by (7, the grids 
at the cavity by Gi and (? 2 , and the reflector by 22. The d-c-volt- 
age distribution through the tube is indicated in (6), with reversed 
sign, to allow for the negative sign of the electron. In (c) is 
indicated the variation of r-f voltage across the grids with time, 
the cycle being divided into eight equally spaced intervals. If 
the time to enter the reflector field, turn around, and arrive at 
any given point is AAiy in the absence of r-f field the electrons 
which are in the gap at the eight equally spaced intervals will 
arrive equally spaced. However, if an electron at the time repre- 
sented by 2 is accelerated in going across the gap, it falls farther 
into the repelling field and takes longer to return to the point 
considered, just as a stone thrown upward takes longer to return 
to the ground. This longer time is indicated by placing the dot 
farther to the right to signify more time. Similarly an electron 
crossing the gap at time 6 is retarded, enters the repelling field 
slower, and quickly returns. This dot is placed to the left of nor- 
mal. The closer spacing of dots 3, 4, and 5 is clearly seen, and it 
corresponds to bimching. There is lower electron density for 
phases 7, 8, and 9. 

The theory of bunching has been worked out by Webster,* whose 
papers should be consulted for further details. 

The next point to consider in the klystron oscillator is the way 
in which the electrons maintain oscillation. From the point of 
view of energy conservation this is easy. The dectrons must arrive 
back at the grids when the r-f field is opposing thdr motion, for 

* B. L. Webster, J. Applied Phye,, 10, 501 (1930); 864 (1939)^ 
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then they will lose energy, and presumably the energy goes to 
maintaining the electric field so that the oscillations continue or 
even grow. If the reader wants to see the process rather than 




Fig. 3*4 lUustratlng the process of bunching: (a) is a representation of the 
cathode and electron gun, the two grids at the cavity, and the reflector; 
(6) shows the potential field in which the electrons move; (c) shows how the 
time of arrival of electrons which have been reflected depends on the phase at 

which they start. 

examine an energy balance sheet, then the following will help 
him. 

If the two opposing streams of electrons are subtracted from 
one another there remains a ^^lug^’ of electrons which traverse 
the cavity. If these are retarded by the field they spend more 
time where they move slower^ near the negative plate of the ge,p. 
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They themselves, however, exert a field while lingering in the 
nei^borhood of the negative grid, and this increases the field in 
the gap, which in turn increases the flow of current in the walls of 
the cavity. An increased oscillation in the cavity results even 
after the electrons have gone through the grid. On the other 
hand, if the electrons are accelerated by moving toward a positive 
grid they are rapidly removed from the region where they are aid- 
ing the r-f field. 

An interesting way of looking at a velocity modulation tube is 
due to Knipp, who points out that the passage of the bunch across 
the gap represents a current turned on for a short time. The 
application of the Fourier integral to this gives a frequency peak 
with subsidiary maxima. Thus for a pulse confined to 10"”® 
second the frequency peak is at 1000 megacycles. According to 
Knipp, if this peak is close to the oscillating frequency the elec- 
trons can drive the cavity; if the phase is right it will happen. If 
this idea is applied to the actual tube the general behavior can be 
predicted. 

There are now some experimental features of klystrons which 
require discussion. 

Klystron Cavities: Tuning Range 

One very serious problem of microwave oscillators is that of 
varying the frequency over even a moderate range. To do this 
for a cavity oscillator necessitates changing its shape. One method 
makes the cavity of thin flexible walls and distorts these. The 
distortion changes the whole operation of the cavity, but if its 
construction is of the re-entrant type, where the modes of oscilla- 
tion are largely determined by the already odd geometry, the 
mode does not change but the frequency does. This method can 
give about a 10 per cent frequency variation, though it is not 
adaptable to continuous tuning because the klystron goes out of 
oscillation unless the reflector and cathode voltages are varied as 
required to keep the tube going. A second method uses wide 
screws which are inserted in the cylindrical walls of the cavity. 
By screwing these in and out the cavity can be tuned, again over 
a range of about 10 per cent. This type of cavity is rather heavy 
and is advantageous only with klystrons like the 707A which are 
adapted to external cavities. 
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Electrical Tuning 


The oscillations of the klystron are not entirely governed by the 
cavity, though it is paramount. The electron beam also takes a 
part in the oscillation, and if the amount and time of arrival of 
the bunches are varied the frequency of the oscillations can be 
controlled to some extent. This procedure is very useful in prac- 
tice for it enables the frequency of the oscillator to be swept by 
an electronically controlled voltage which can be derived from an 
automatic frequency control discriminator or locked in with a 
sweep on an oscilloscope. In the first case, one can obtain auto- 
matic tuning (Chapter 8) and, in the second, frequency scanning 
as in a spectrum analyzer. 

The degree to which the reflector affects the frequency of the 
oscillator depends on the internal construction and the frequency. 
In the 707A a reasonable power output is obtained over a range of 
about 25 megacycles. In the 723A, which operates in the 3-cen- 
timeter region, the frequency change per volt on the reflector is 
much greater. Several values of the reflector voltage will cause 
oscillation. This follows naturally from the fact that more than 
one manner of bunching will cause electrons to arrive at the gap 
in the cavity at the right time. In practice one value generally 
gives considerably more power than the other modes. 


Velocity-Modulated Tubes in Practice 

' At 10 centimeters klystrons can give about 100 watts continuous 
output. This assumes that they are adequately cooled and that 
the voltages are high enough. A double-cavity klystron is more 
suitable for cooling as there is no need for a reflecting electrode. 
Also a ‘‘straight-through’' technique is slightly more eflScient in 
producing the optimum bunching. Such klystrons may be useful 
in the laboratory. They did not find much application in pulsed 
radar because they are harder to tune. In radar use as local 
oscillators in superheterodyne receivers klystrons give about 600 
milliwatts and operate with less than 500 volts on any electrode. 
The upper limit of power is much less at 3 and at 1 centimeter, 
but there is still adequate power to give efficient frequency con- 
version in a crystal mixer in a superheterodyne receiver. 
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Fig. 3*5 Cutaway view of the 723A tube, which operates at 3 om wave* 
length. (Courtesy of BeU Telephone Laboratories.) 
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Figk. 3.6 (a) View of Sperry 2K41 klystron tube (courtesy Sperry Gyroscope 
GoinpAny)i showing the method of tube mounting with the fine tuning knob 
on the left (W X-ray view of 707 tube (courtesy Bell Telephone Laborato- 
ries), showing the inner construction. The external cavity is i^own schemat- 
ically. 
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A very useful 3-centimeter tube is shown in Fig. 3-5. This is 
the Shepherd-Pierce tube, or 723A. It will be seen that the 
cavity is quite small. The tube is tunable, by distortion of the 
cavity with the tuning screw, over the range from 3.1 to 3.4 
centimeters. The output is a small coaxial line which may be 
used to feed a probe in a waveguide. The shape of the tube lends 
itself to a very compact mounting on the waveguide installation. 

In Fig. 3 • 6 are shown photographs of a klystron and a McNally 
tube or 707A. 

The tubes shown here were developed primarily for radar 
purposes and hence are suited to narrow band operation. For 
wideband operation where tuning is required over a factor of 
2 in frequency it is possible to make the electronic section of the 
tube fit into the inner conductor of a coaxial cavity. This is done 
in the 2K48 tube described by Clark and Samuel,^ and such tubes 
used with coaxial cavities can be tuned over a range from 6600 to 
10,700 megacycles. For many purposes in microwave research 
this ability to tune over a wide range is highly desirable. The 
operation of the tube is similar to that of the usual reflex klystron. 
The details of design of cavities and plungers are given fully by 
Huggins, Zeidler, and Manning.^ 


3-3 HIGH POWER GENERATION OF MICROWAVES: 
THE AAAGNETRON 


This section is devoted to the cavity magnetron, or magnetron 
as it is now almost universally called. It is a remarkable scientific 
development. Applied to radar it made a versatile weapon which 
could be said to have made the turning point in the war. Before 
starting a description of a magnetron, however, it is worth while 
to consider the factors which must certainly be present in a tube 
which can deliver ve^ high power. Even in a radar or pulsed 
accelerator which is “on'^ for only a small fraction of the time, the 
ratio of peak power to average power is only about 2000. If the 
tube delivers 1 megawatt at 50 per cent efliciency the average 
power to be handled by the tube is 1000 watts, of which 600 watts 

^ J. W. Clark and A. L. Samuel, Free. 86, 81 (1947). 

* In Badio Hesearch Laboratory Staff, Very High Freguency Techniguee, 
McGiaw-HiU Book Co., 1947, p. 878. 
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must be dissipated without overheating. If the efficiency is low 
this figure is increased two or perhaps four times so that the tube 
must be built to dissipate as much as 2 kilowatts in heat. This 
will make it very hard to operate a tube having very small spac- 
ings, such as we have already described. In addition, the r-f 
energy must be drawn from some source, which is ultimately a 
cathode emitting electrons. To get adequate currents of electrons 
the cathode must be large and rugged. 

The science of r-f engineering recognizes all these factors, and 
they are taken care of in usual radio design. However, it becomes 
very difficult to achieve all the requirements as the frequency goes 
into the thousands of megacycles if conventional triode oscillators 
are used. Remarkable achievements have been made with ring 
oscillators using several triodes, but these techniques cannot carry 
over to the centimeter region. The magnetron, which operates on 
a totally different principle, makes possible a large cathode and 
good cooling, and has revolutionized radar design. 

Cavity Magnetron Oscillators 

A cavity magnetron oscillator is shown schematically in Fig. 3 • 7. 
The original design was worked out under the direction of M. L. 
Oliphant at Birmingham University in England. The wartime 
secrecy imposed on this remarkable tube was such that it is diffi- 
cult today to give proper credit to those who contributed to its 
development. The original description was made by Randall, 
Boot, and Duke in 1941. A very active and ingenious group of 
whom Sayer was a major contributor kept well in the forefront in 
England. In this country Clogston, Rieke, Stout, and Young, 
working under the direction of Collins in the magnetron group of 
the Radiation Laboratory, have made one series of valuable con- 
tributions. Actively collaborating with this group was P. L. 
Spencer at the Raytheon Company. The group under J. Fisk 
at the Bell Telephone Laboratories made another series of vital 
developments, and the very short wave researches have mostly 
been carried out at Columbia University under J. M. B. Kellogg. 
Theory has lagged behind experiment in magnetron work. The 
most extensive studies have been made by Hartree and Stoner in 
England and by Slater in the United States. Much remains to 
be accomplished in magnetron design before a complete story of 
the tube can be given. 
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A quick account of the action of the magnetron can be obtained 
by referring to Fig. 3 *7. The cathode is a cylinder placed at the 
axis of a cylindrical copper block having eight cavities consisting 
of cylinders and slots. In pulsed operation the cathode delivers 
up to 50 amperes, so that there is exceedingly large space charge 
around it. When a very high negative voltage pulse is applied 
to the cathode the electrons are driven to the anode. They are, 
however, constrained, by a magnetic field perpendicular to their 

Rotating 

electron 



Fig. 3*7 Schematic drawing of a cavity magnetron. A series of 8 resonant 
cavities opens on to a space containing a cathode. Under the combined influ- 
ence of the oscillating electric field due to the cavities and a magnetic field 
parallel to the axis of the cathode, the electrons emitted from the cathode 
form a rotating cloud which serves to excite further oscillations. 

motion, to move in orbits which are a composite of a circle and a 
spiral. This lateral motion sweeps the electrons past the slots of 
the cavities, producing oscillations imder favorably timed condi- 
tions. Since the cavities are of highly conducting material and 
have low loss, the voltage developed across each gap becomes 
exceedingly high and in turn conditions the motion of the elec- 
trons. The analysis of the motion of the electrons is complex, but 
the physical process giving rise to oscillations can be thought of 
by supposing that the broad average of the electron distribution 
becomes like the spokes of a wheel. This wheel rotates with an 
angular speed depending on the d-c voltage between cathode and 
anode, the r-f voltage at each gap, and the magnetic field. If this 
speed of rotation is such that tl^ electrons are retarded in speed 
as they are swept across a cavity gap they lose energy to the ]>l 
field and build up the r-f oscillations. 

72 



This simple picture is all that can be given without very involved 
and unsatisfactory mathematical accounts. It suffices to bring 
out the virtues and defects of the magnetron. In the first place 
the spacings are all relatively large. A large cathode can therefore 
be used; in fact the electron cloud will not have the appropriate 
shape unless the cathode is of large diameter. This guarantees the 
necessary high currents. In the second place the oscillating ele- 
ments are made of copper in a block so that heat dissipation is at 
its best. There is no great problem about putting a high d-c 
voltage between the cathode and the anode if the vacuum is high. 
The modem technique of glass-to-metal seals is such that it is not 
difficult to seal in the two cathode leads and the output coaxial 
line. The tube should therefore produce quantities of r-f at high 
efficiency, and it does. Efficiencies of 70 per cent have been 
reached; a tube is defective if it cannot be operated above 50 per 
cent efficiency at ten centimeters. 

The disadvantages are equally clear. It is a self-excited oscilla- 
tor and so the rest of the equipment must be designed to consider 
its whims. Eight cavities are excited by the electron wheel. 
Such a multiple oscillating system always has more than one mode 
of composite oscillation, and they will differ in frequency from 
each other. The distribution of the density in the spokes of the 
electron wheel may well permit two or more of these oscillations 
to take place at once, and they will interfere seriously with many 
operations. In addition, the external system represented by the 
coupling loop and the coaxial line is not buffered in any way from 
the oscillations, and indeed it is quite true that the external r-f 
line is really part of the whole oscillating system. As a conse- 
quence reflected power from the line will affect the frequency of 
the magnetron and may cause a change in mode. 

This effect of reflected power in the line on the frequency of 
oscillation is called pulling] the tendency to oscillate in more than 
one mode is called double moding. Pulling and double moding 
are the two main troubles in magnetron technique. 

To continue the description of the cavity magnetron: the block 
of cavities is enclosed in a cylindrical shell which carries the leads 
to the cathode. The complete assembly is shown schematically 
in Fig. 3*8. The whole is placed between the pole pieces of a 
permanent magnet having a field of around 1000 gauss at 10 
centimeters or 3000 at 3 centimeters. The appropriate negative 
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voltage pulse is applied from a modulator (see Chapter 5), and 
the magnetron then delivers r-f power. 



Fig. 3-8 Magnetron and permanent magnet. The magnetron is shown 
between the pole pieces of a permanent magnet. The cathode is connected 
through the two heaters leading to the modulator, and the magnetron Itself 
is at ground potential. The output lead, here shown of a primitive kind, goes 
to the requisite microwave transformer for feeding coaxial line or guide. 


Magnetron Scaling 

Magnetrons are in common use at wavelengths from 30 to 1 
centimeter. Each tube must be specially made for each frequency 
band, and it is therefore necessary to know whether any simple 
relations hold to enable the results found at one wavelength to be 
used at another. Some such relations hold. For example 
X^r/10,600 is constant, where X is in centimeters, If in gauss. Thus 
at 10 centimeters a field of 1300 gauss is used in one successful type 
of magnetron. The relation shows that a field of 430 gauss would 
be used for a magnetron of similar design at 30 centimeters or of 
4300 at 3 centimeters. 

Graphical Description of Magnetron Operation 

For the complete description of magnetron performance at 
least seven variables are required.^ Those which fit most naturally 
into experimental r*f work are: If, the magnetic field, Vdc the input 

* This paragraph is based largely on a series of reports by Eieke and those 
working with him. These reports are: F. F. Rieke and J. £. Evans, '^Brf 
Loading of 10 cm Magnetrons,'* Radiation Laboratory E^rt 62-2, August 
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voltage, Ide the input current, / the frequency, P the power out- 
put, and two variables for the load. This list of variables is gen- 
erally handled by two kinds of diagram, one the performance 
chart, which focuses attention on the behavior of the magnetron 



Fig. 3*9 Schematic diagram of equipment for studying magnetrons. S.W. 
is a slotted section with crystal or thermistor for standing wave measurements, 
P.M. a power meter to determine the power dissipated in the water load. The 
modulator should be equipped to read peak volts and current. With this 
arrangement performance charts and Riekc diagrams can be plotted. 

when feeding power into a fixed load, the other the Rieke diagram, 
which is intended for consideration of the effect of load. 

A schematic diagram of equipment which could enable the 
making of the measurements from which these two diagrams are 
constructed is given in Fig. 3*9. The magnetron feeds into a line 
which is terminated in a water load with a thermocouple for meas- 
uring the power from the temperature rise and the rate of flow. 
An electromagnet is used to operate the magnetron so that the 
magnetic field can be varied. The line is tuned with a double 
stub tuner, and standing wave measurements are made with a 
slotted section and a thermistor or crystal. The frequency is 

24, 1942; F. F. Rieke, ^Analysis of Magnetron Performance,” Part I, Radiation 
Laboratory Report 52-10, Sept. 16, 1943; R. Platzman, J. E. Evans, and F. F. 
Rieke, Part II, Radiation Laboratory Report 451, March 3, 1944. 
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monitored with a wavemeter and the spectrum with a spectrum 
analyzer which observes the presence of double modes. The 
equipment involved in this type of test bench is described in 
Chapter 4. 

The Performance Chart 

The general nature of a performance chart is shown in Fig. 3 • 10. 
The peak pulse voltage is plotted as ordinate and the peak current 
as abscissa. It is usual to determine several families of curves by 



Fiq. 3*10 Illustrating the magnetron performance chart. With pulse volt- 
age and peak currents for reference, curves are plotted for constant magnetic 
field (dashed lines), constant efficiency (thick black lines), and constant power 
output. The shaded areas represent inadequate operation because of either 
sparking or improper oscillation. 

varying the magnetic field. One series of curves is the simple rela- 
tion between voltage and current for each value of the magnetic 
field. A second series is derived by measuring the power output 
for such variation and plotting the lines of constant power out- 
put. A third series is derived by plotting the lines of constant 
efficiency. 

It is foimd that with a given type of magnetron there are two 
boundary lines on the performance chart. One is the line beycmd 
which sparking develops. It is in the general area of very 
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voltages and currents. The second line marks the region where 
the tube either will not oscillate or oscillates in more than one 
mode or in an undesired mode. The performance chart shows these 
undesirable regions as shaded areas. Within the operable bound- 
aries the chart is of considerable help in verifying that the modu- 
lator voltage and the field of the permanent magnet used are 
actually of appropriate values for good operation at high efficiency. 

The Rieke Diagram 

A magnetron is not very predictable when it is used to feed power 
into various kinds of lines. It may be that the line used has a 
variable impedance (for example an imperfect rotating joint or a 
variable loading of an accelerator cavity). In this case it is most 
useful to have some sort of chart which shows how the composite 
system of magnetron plus variable impedance behaves. This 
information is provided by the Rieke diagram. 

In the plotting of the Rieke diagram a tuner of known charac- 
teristics is included in the line to the water load. The magnetic 
field is kept constant, and the current is brought to the same value 
at each reading. The results are plotted on a circular diagram 
which gives the phase and magnitude of the vector which deter- 
mines the standing wave in the line. Thus for a certain power 
output which would bring the current to the desired value it will 
be found that the standing wave ratio is a certain value with the 
minimum of the pattern at a certain place. The two determining 
factors, size and phase, of the standing wave pattern are then 
plotted on the diagram, and the point is labeled with the power. 
The tuner is then changed and the current again brought to the 
chosen value. The standing wave constants are again determined 
and plotted with the new value of the power. By a simple but 
laborious process a family of constant power lines can be drawn. 
These are shown as dashed lines for one magnetron in Fig. 3*11. 
The same process can be applied to frequency, and a second family, 
diown as continuous lines, can be obtained. Finally, a third 
family, of constant voltage, can be obtained. 

One great use to which such studies have been put is the design 
of output sections which load the tube properly without obtaining 
matching at the expense of a high standing wave ratio in the 
matching transformer. 
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Notice tile effect of a large standing wave ratio on the frequency, 
the pvMing of the tube. In the case considered in Fig. S-ll the 
pulling varies for different operating conditions. A standing wave 



Fig. 3*11 Illustrating the Hieke diagram. This shows the effect of the con- 
ditions in the output line on the operation of the magnetron. Change of 
frequency is shown as continuous lines as the standing wave ratio and phase 
are varied. The dashed lines show the conditions of constant power output. 

ratio of 1.5 can cause a total pulling of about 1 megacycle, which 
is tolerable. 

Modes of Magnetron Oscillation 

In Fig. 3 • 7 a manner of oscillation in which alternate plus and 
minus occurred between the cavities was indicated. Such a sim- 
ple mode is by no means the only one. In the first place the cavi- 
ties can oscillate in higher harmonics so that a 3000-megacyele 
magnetron can oscillate at 6000, 9000 megacycles, and so on. The 
amount of power ordinarily generated in one of these harmonics 
is a very small fraction of that at the fundamental (about one part 
in 100,000) unless the d-c voltage and magnetic field are specially 
adjusted to cause the electron wheel to excite these frequencies. 

In addition to these widely separated harmonics there exist 
modes of oscillation at each harmonic which are generally separated 
only dightly in frequency. These modes have been stuped by 
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Slater ^ and Clogston both theoretically and experimentally. 
Figure 3 * 12 is a schematic drawing of the modes of an eight-hole 






Fig. 3*12 The resonant modes of an eight-hole magnetron. The relative 
potentials of the metal between the slots are indicated, and the magnetic 
lines of force are drawn around. The position of the coupling loop is shown 
at the center of each drawing. 

magnetron following a method given by Slater. The modes are 
characterized by numbers^ and it can be seen that the usual mode 
is the n ~ 4 mode. 

^ J. C. Slater, Eadiation Laboratory Report 43-9, August 31, 1942. 
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Strapping 


For a magnetron having an anode length of 2 centimeters the 
wavelengths found in one case were 

n = 1, 9.0 centimeters 

n = 2, 9.6 centimeters 

n = 3, 9.8 centimeters 

n = 4 9.9 centimeters 

The unwanted n = 3 mode is thus seen to be quite close in wave- 
length to the desired n = 4 mode. A technique of “strapping” 
introduced by Spencer® and independently by the Birmingham 
University group greatly alleviates this situation. Connecting by 
straps the four parts of the copper block which swing in voltage 
together in the n = 4 mode has the effect of spreading the wave- 
lengths of the various modes much farther apart. If the “tight- 
ness,” meaning the closeness of the straps to the center, is in- 
creased, the wavelengths of the four modes move apart. A magne- 
tron so strapped would thus operate at longer wavelengths but 
the unwanted modes would be very much farther away in wave- 
length and therefore considerably harder to excite. 

Another very important method of mode separation is employed 
in the “rising sun” magnetron developed at Coliunbia University 
Radiation Laboratory. Here cavities of alternately different sizes 
are used. The cavities are actually slotted in form, and one set of 
slots is about 76 per cent longer than the other. The individual 
frequencies of the slots are thus quite different. The result is that 
the modes, instead of being in one gradually increasing set of 
wavelengths as for an unstrapped magnetron, are in two groups, 
one of longer wavelength and one of shorter. The separaticm of 
modes is nearly as great as for heavy strapping without the use of 
straps at ail. The advantage of this deragn is ths^t it permits the 
use of larger numbers of cavities, which is advantageous at short 
wavelengths as the rotating electron cloud cannot rotate fast 
enough to excite very high frequency oscillations if it has to de- 
scribe too large an angle. Accordingly the rising sun design is 
foxmd in magnetrons intended for use in the l^centimeter region. 

« P. L. Spencer, U. S. Pat. 2,408,284; 2,408,235; 2,408,m 
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Tunable Magnetrons 


In all phases of microwave design, research has gone into means 
for obtaining broad tuning. This is also true of magnetrons. The 
problem in the case of magnetrons is more acute on account of the 
multiplicity of cavities. Several solutions have been reached which 
are reasonably satisfactory and have gone into production. The 
method employed introduces metal into the resonant cavities 
either in the form of a slug in the circular inductive part, or a vane 
in the narrow capacitive part. The tuning mechanism is enclosed 
in the vacuum by means of either a flexible metal diaphragm or a 
long bellows. A flat gear train is provided to operate the tuning. 
The output power is never quite so high as the full power possible, 
but it is not greatly reduced. The 2J21 can be tuned over a range 
from 8500 to 9600 megacycles, the 5J26 from 1220 to 1350 mega- 
cycles. 

Practical Design Features of Magnetrons 

Of great importance to magnetron design is the method of match- 
ing to the line. The magnetron itself seems to be capable of de- 
veloping all the power that can be handled. At these high powers 
the simple technique of removing the power from a loop to a 
tungsten rod of perhaps 3^ inch in diameter and then feeding a 
coaxial line results in breakdown due to high field far below the 
available power. The authors remember much ozone resulting 
from this procedure. It is therefore necessary to consider carefully 
the means of getting the power into the desired line. The magne- 
trons operating in the 1-centimeter region have the power taken 
directly into waveguide from a slot in the back of one of the 
cavities. High power magnetrons at 10 centimeters, like the HK-7, 
use the loop method but combine it with a taper transformer to a 
%-inch inner conductor of a 2J^inch coaxial line, the transformer 
being within the vacuum. The design problem of the output 
transformer is not simply that of tapering to a big diameter inside 
the vacuum seal but is also vitally concerned with the amount of 
pulling. 

A second important consideration is the cathode structure. 
The problem of heat dissipation in the anode has to all intents and 
purposes been solved by the use of the solid copper block with 
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cavities cut into it. To attain the powers given by these cavities 
requires the emission of very high currents, 60 amperes being pos- 
sible. Modem design uses a sintered-nickel base for oxide coating 
with a heating coil tightly wound inside. 


Magnetrons Commercially Available 

The great impetus in magnetron constmction came from radar. 
For this reason the great majority of magnetrons available are 
intended for pulsed operation at high voltages and high currents 

Table 3*1 Characteristics op Various Magnetrons 


Type 

N 

Reso- 

nator 

Sys- 

tem 

1 

Peak 

Volts 

Peak 

Am- 

peres 

Gauss 

r 

1 

Effi- 

ciency 

(per 

cent) 

PuU- 

ing 

Fig- 

ure 

3J21 

18 

R.S. 

1.25 

15 kv 

15 


0.5 

60 

26 

17 

725A 

12 

H. and S. 

3.2 

13 

12 

5650 

1 . 

56 

51 

13.5 

2J51 

12 

H.andS. 

3.5 

14 

14 


1 

60 

46 

12 

4J50 

16 

H. and S. 

3.2 

22 

27 

6900 

1 

280 

66 

12 

4J45 

8 

H.andS. 

10.7 

27 

65 

2900 

1 

1100 

68 

10 

4J26 

8 

H.andS. 

24.0 

27 

46 


5 

700 

60 

3 

HPIOV 

10 

Vane 

10.7 

48 

140 


1 

2600 

38 

10 


N stands for the number of resonators. 

R.S. means Rising Sun, H. and S. means hole and slot, vane has vanes to 
separate the cylindrical space into cavities, 
r is the pulse width in microseconds. 

P is the power delivered in kilowatts, peak. 

The pulling figure is the frequency shift in megacycles for a standing wave 
voltage ratio of 1.5. 


with a low ratio of on time to off time. So many radar-type mag- 
netrons were made that tubes once costing hundreds of dollars are 
now advertised for a few dollars. In Fig. 3 • 13 are shown pictures 
of two magnetrons. Characteristics for a number of tubes are 
listed in Table 3*1. A few words can be said in comment. Mag- 
netrons have been developed from 800 to 30,000 megacycles. The 
peak output powers readily available remain at about 1 megawatt^ 
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Fia. 8* 13 (a) A hi^ power 10-cm magnetron, the 4J33 (courtesy Raytheon 
Manufacturing Company), cut away to show the cavity structure and strapping. 
(6) A magnetron with magnet attached (courtesy Bell Telephone Lab- 
oratories)* 
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though up to 3 can be obtained with the HPIO, which is not yet on 
the market. These figures apply up to about 4000 megacycles. 
Above this the power drops about as the ^ power of the wavelength, 
being about 30 kilowatts at 25,000 megacycles. The small size of 
magnetrons above 10,000 megacycles renders them suitable to be 
designed in the “packaged^' form, having the magnet integral with 
the tube. Generally the voltage required for operation is high, in 
excess of 10 kilovolts, but special low voltage magnetrons were 
developed for lightweight radars which operate at two or three 
thousand volts. The efficiency gets higher as the voltage of opera- 
tion is increased. 

Magnetrons can be used as generators of continuous power. 
These were not required in such large numbers during the war, 
and so they are not so commonplace. The power output of a 
continuously operating magnetron is about the same as the aver- 
age power of a pulsed magnetron, though design changes have to 
be made to ensure this, since pulsed magnetrons operate at high 
voltages, and continuously operated magnetrons will not last long 
under such conditions. Power of the order of a kilowatt can be 
obtained. 

Summary 

To summarize this chapter it can be said that the development 
of cavity oscillations for bench purposes can be achieved by triodes 
and velocity-modulated tubes. The latter can probably be made 
to operate at as short a wavelength as 0.2 centimeter. Powers 
up to 3 megawatts in pulsed form at 9 centimeters and longer, or 
30 kilowatts at 1 centimeter, can be obtained with magnetrons. 
These developments are briefly sketched. 
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CHAPTER 4 


MICROWAVE 

TECHNIQUE 


The development of microwave technique in the past six years 
has largely centered around radar. It was mentioned in Chap- 
ter 1 that a new development is of importance by reason of the 
extremes it renders attainable. Microwaves offered narrow beams 
without excessively large equipment, with no lessening of avail- 
able power. This was a tremendous step forward for airborne 
radar, about which microwave radar originally developed, and 
proved to be a step forward in all radar. At the end of the war 
every possible radar job was being done by microwave equip- 
ment. 

The purpose of this chapter is to outline microwave technique 
as.it is used today. It cannot possibly be done at any length in a 
single chapter, but enough can be given to enable the reader to 
gain an understanding of the part microwave technique is likely 
to play in future research. 

The development of microwave manipulation from a tempera- 
mental semi-miraculous process to a smooth and reliable operation 
is the work of many groups of individuals. Perhaps the most 
credit should go to several British organizations, notably the 
Telecommunications Research Establishment at Malvern. Active 
work was pursued in the United States and Canada by such strong 
research organizations as the Bell Telephone Laboratories, General 
Electric, and Sperry Gyroscope Company. In the center of all 
this activity was the Radiation Laboratory of the Massachusetts 
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Institute of Technology, and it is largely the Radiation Laboratory 
technique which is outlined here.^ 


4-1 DETECTION AND MEASUREMENT OF MICROWAVES 


The first problem the neophyte encounters when he starts work 
with microwaves is that of convincing himself that he actually has 
microwaves in his equipment. Those who 
work with magnetrons get to smell ozone 
and light cigarettes at thousands of mega- 
cycles, but the ordinary worker on radio- 
frequency has to use subtler means. The 
simplest of the means of detecting micro- 
wave power is a crystal. 

Crystal Detection 

Crystals are usually mounted in a special 
cartridge, one of which is illustrated in Fig. 
4*1. It consists of a tungsten whisker held 
in point contact with a silicon crystal in as 
standardized a manner as manufacture will 
permit. Much research has been done on 
crystals to improve their efficiency as fre- 
quency converters and their ruggedness in 
the sense of withstanding short heavy shocks of high power. 
Since the crystal has to be part of the r-f system it is necessary 
that the cartridge be so designed that the impedance of different 

^As general reference material we have relied on Radiation Laboratory 
Reports and the Sperry handbook, Microwave Transmimon Deeign Dala. 
The reference material used in general is listed here; other references are 
given as they occur, (a) Sarbacher and Edson, Hyper- and UUrahigh Fre- 
quency Engineering^ John Wiley and Sons, Inc. 1943; (6) J. C. Slater, Micro- 
%Dave Tranemiseion, McGraw-Hill Book Co,, 1942; (c) W. W. Hansen, lecture 
notes; (d) ‘‘Microwave Transmission Design Data,” Sperry Gyroscope Com- 
pany (19^); (e) H. Knitter, “Explanation of Impedance Matching,” Radia- 
tion laboratory Report T-6; (f) S. €k>udsmit, “R^eciion Ooeffidents and 
Impedance Charts,” Radiadon Inboratoiy Report T-11; (g) S. Seely, Radia- 
tion Laboratory Report T-10; (h) Radiation Laboratory Report T-13, 
prepared by the BrF Group, 
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Fio. 4*1 Schematic 
drawing of a 1N21B 
crystal. 
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crystals is the same in order to avoid new impedance match- 
ing each time a crystal is changed. The two most successful 
types of crystal, the 1N21B and 1N23B, operate in the 1ft- and 
3-centimeter regions respectively. The rectifying material is 
silicon with Ko per cent ^^dope,’’ and the point a sharpened 
tungsten wire which should make as small a surface of contact as 
is feasible. It should be borne in mind that the crystal should 
have high ‘‘burnout^^ power. 

The resistance of a crystal as measured by an ohmmeter of the 
usual type differs according to the direction of the voltage used in 
the measurement. The ratio of the two values is often called the 
front-to-back ratio, although it is by no means a fixed quantity 
because it depends on the applied voltage. Burnout is generally 
indicated by a big drop in the front-to-back ratio which can 
change from around 20 to around unity. A small meter set up for 
measuring quickly this front-to-back ratio is a comforting piece of 
equipment since failure to get a meter reading is one of the troubles 
of r-f work, and it is pleasant to know that the crystal ought to 
work. Burnout occurs at from 1 to 10 watts for rugged crystals. 
It is wise to subject them to less. 

The use of a crystal for r-f detection can be illustrated by a 
description of the process for getting a klystron to oscillate at the 
right frequency. For this one needs a klystron and power supply, 
a wavemeter (consisting of a coaxial line cavity with plunger to 
vary its length, see page 90), a length of cable, the right connectors, 
and an appropriate crystal holder. The apparatus can be set up 
as in Fig. 4 • 2. The klystron pickup loop is connected by the cable 
to the tee-junction which leads to the wavemeter on the one hand 
and the crystal on the other. The milliammeter is connected 
across the crystal, and it reads the rectified current. The distance 
from the actual junction of the inner conductors to the wavemeter 
should be about one-half wavelength, for then the impedance at 
the tee is approximately that at the wavemeter. 

Power is then applied to the klystron, and the odds are that it 
does not oscillate. The reflector plate potential is changed until 
the milliammeter deflects. This deflection shows that ^e klys- 
tron is giving r-f power. The position of the plunger in the wave- 
meter is then dmged gradually until the crystal current shows 
a definite dip. No extra rise ^ould precede or follow the dip, as 
that is an indication that the wavemeter is too tightly coupled. 
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The coupling can be reduced by rotating the loop in the wave- 
meter by a slight turn on the input. The wavemeter reading then 


Milliammeter 



Fig. 4-2 Illustrating the method of connecting a klyatron to a wavemeter 
and crystal detector to measure wavelength and set the oscillator on frequency. 

indicates the wavelength, either directly or as the difference be- 
tween two positions of dip. The coarse tuning screw T on the 
klystron (which may take one of several forms according to de- 
sign) is then turned, with ap- 
propriate adjustment of the 
reflector voltage to keep the 
klystron oscillating, until the 
wavemeter reads the required 
wavelength. 

It is often desired to make 
measurements with a crystal 
on a pulsed r-f circuit. In such 
a case it is convenient to use 
the rectified current to develop 
a voltage in a resistance in 
series with the crystal and to 
amplify this voltage with an 
audio-amplifier set to maxi- 
mum sensitivity at about the pulse repetition frequency. Very 
simple amplifiers will suffice for tins. 


Crystal 



. Probe XlrTy^Spring contact 





iTr To amplifier 

u 

Quarter 

wave— 



^R-f bypass 


Fio. 4*3 Showing the construction of 
a probe suitable for standing wave 
measurements. The crystal detector 
is placed in a ring of dielectric which 
serves as a bypass for the microwave 
component. The rectified component 
is picked up by an amplifier. 




For the measurement of standing waves in a slotted section of 
waveguide or coaxial line a probe such as that illustrated in Fig. 
4*3 is used. Note the use of a quarter-wave stub to support the 
line going to the crystal, and the r-f bypass consisting of a ring of 
thin insulator around the case of the crystal. For high power 
measurements the probe must be very loosely coupled to the line. 
This adjustment is made by sliding the whole center assembly in 
or out as needed. 

A crystal gives a current approximately proportional to the r-f 
power at the probe. This is in turn proportional to the square of 
the r-f field at the probe. The accuracy of this relation is fair 
and is enough for many r-f measurements. 

Bolometers and Thermistors 

Although the crystal is a most useful means of detecting and 
measuring microwave power it lacks any real show of precision. 
In order to have available an instrument which is capable of 
measuring power as a definite number the use of bolometers and 
thermistors has become common. Both operate on the same 
principle: the bolometer is a fine wire (for example a Littelfuse), 
the resistance of which increases when heated by any means, in- 
cluding r-f power; the thermistor is a bead of semiconducting 
material with a very large negative temperature coefficient of 
resistance.^ The resistance changes by about 4 per cent per 
degree. The change of resistance is employed to change the bal- 
ance of a Wheatstone bridge, which can be restored to balance by 
a known amount of d-c power, which is then the measure of the 
r-f power; or the unbalance current can be calibrated in terms of 
power and read directly. 

Thermistors seem to be preferable in practice. They are able 
to take greater overloads without burning out, and this is a very 
desirable characteristic if the system under test is at high power. 
The thermistor is a very small bead held by two fine wires sup- 
ported by a glass envelope if glass does not introduce too much 
loss (i.e., down to 3 centimeters wavelength). Resistances are of 
the order of 100 ohms when operating in the bridge. The therm- 
istor has to be placed in a properly matched line, which can be of 

* See J. A. Becker, C. B. Green, and G, L. Pearson, Bdl System Tech. 
ae, 170 (1947). 



various designs. Matching by means of a tapered section seems to 
be very satisfactory. 

Wavemeters 

In principle any cavity having high selectivity (Q) which 
oscillates in a known mode can be used as a wavemeter. Actually 
a coaxial line cavity is very convenient, since it has a definite 
mode of oscillation for which the wavelength is the same as in air, 
and it is mechanically convenient from the point of view of moving 
a shorting plate at one end. The principle of operation of a coaxial 
line wavemeter can be seen in Fig. 4*2. The problem of a perfect 
sealing of the end of the line is not quite simple. If sliding contact 
is made at the exact end the currents through the contact are at 
maximum, and any poor contact will result in imperfect closure of 
the cavity and reduce the Q. Therefore the sliding plunger is 
made re-entrant, with the fingers which make contact somewhere 
near a quarter wavelength out. In this position the current at 
contact is low, the voltage high, and therefore a poor contact has 
relatively little effect on the Q. Doing this has the effect of sacri- 
ficing the absolute nature of the reading unless two minima at 
different lengths can be found. The difference between these 
lengths is accurately a half wavelength. This procedure is gen- 
erally adopted. 

If a higher Q than is given by a coaxial cavity is needed for very 
precise wavelength measurement a cylindrical cavity wavemeter 
can be used. It needs to be calibrated. For calibration purposes 
standard cylindrical cavities of known length and diameter can 
be made. 

An example of the use of a wavemeter has been given earlier in 
the chapter. It is possible to use the wavemeter in series with 
the line. It is a little simpler to connect this way, but it has the 
disadvantage that there is no reading until the wavemeter is close 
to the right wavelength. 

Attenuators 

A surprisingly important piece of equipment for microwave 
work is a calibrated attenuator, because widely different power 
levels are encoimtered in practice and the simple comparison be- 
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tween two power levels may be most informative. Attenuators 
for measurement work are commonly based on the principle of 
propagation in a waveguide beyond cutoff. For propagation down 
a cylinder of radius a in the TEu mode the attenuation in decibels 
per centimeter, a, is given by 

K 2.405\2 /27r\^l^ 

where a is the radius and X the wavelength. It can be seen that a 
wide range of attenuation is easily obtained if the radius is small 



Fig. 4-4 Illustrating the principle of an attenuator for making known reduc- 
tions in r-f power. The two loops couple in to an adjustable length of wave- 
guide which is far less than the cutoff diameter. The attenuation is theoreti- 
cally calculable. 

compared to the wavelength. A schematic drawing of an attenua- 
tor of this type is shown in Fig. 4-4. There is always an ^‘inser- 
tion loss,^^ which is about 15 decibels, after which the attenuator 
has an accurately linear calibration. 

Another kind of attenuator is frequently used to dissipate power. 
For this purpose a semi-conducting center conductor in a coaxial 
line can be used. In a waveguide, semi-conducting strips can be 
placed at an angle to eliminate reflections and guarantee absorp- 
tion. Another termination for absorption consists of powdered 
iron suspended in an insulating medium (this is called Polyiron). 
In addition a water termination is often used for power measure- 
ment purposes. To dissipate high power a sand load is used. 

Spectrum Analyzers 

An exceedingly powerful and versatile tool for the study of any 
frequency-dependent microwave quantity was developed by 
J. L. Lawson and his group at the Radiation Laboratory and is 
known as the spectrum, analyzer. This instrument makes use of 
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the electrical tuning properties of a reflex klystron and combines 
a sweep voltage on an oscilloscope with a synchronized sawtooth 
voltage on the reflector plate of the klystron. The horizontal 
deflection of the oscilloscope is then reasonably proportional to 
the change in frequency from the midpoint frequency of the klys- 
tron. If some frequency-dependent quantity can be detected and 
amplified sufficiently to give a vertical deflection, it is immedi- 
ately apparent which frequency or range of frequencies is responsi- 
ble for the effect. 

A rudimentary spectrum analyzer can be made by developing a 
sawtooth voltage with enough power behind it to drive the reflec- 
tor plate of a klystron and sufficient amplitude to give a horizontal 
sweep on an oscilloscope. Spectrum analyzers for use in radar 
techniques are more elaborate. They are employed to study the 
frequency spectrum of pulsed magnetrons both on the test bench 
and in operating radars. To do this in one unit requires the fol- 
lowing components. 

1. The swept frequency klystron as described above. 

2. A crystal mixer to convert the input signal plus the output of 
the klystron to 30 megacycles, or whatever intermediate frequency 
was chosen. 

3. A narrow band amplifier tuned to the intermediate frequency 
to pick one component of the frequency spectrum. 

4. A calibrated attenuator to handle a range of power levels and 
enable relative power measurements to be made. 

5. A second oscillator and wavemeter to enable the actual fre- 
quency of the picture presented on the oscilloscope to be read. 

In addition, circuitry for providing sweeps is needed. A block 
diagram of a spectrum analyzer is given in Fig. 4*6 (a), and in 
Fig. 4-6(5) is shown schematically the appearance of the fre- 
quency envelope of a pulse of microwave power. As each pulse 
from the power source beats with the slowly varying frequency of 
the swept klystron, a variable amount of power occurs at the 
frequency of the narrow band amplifier. The appearance on the 
screen is then that of a series of pulses whose amplitude fits the 
envelope of the frequency distribution of the source. The rate of 
sweeping of the klystron must be much slower than the repetition 
rate of the pulsed oscillator. A rate of about 25 cycles is satisfac- 
tory. 
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With a 30-megacycle intermediate frequency (i-f) amplifier 
there are naturally two possible positions for the spectrum since 
the i-f amplifier does not know whether the klystron frequency is 
above or below that of the oscillator under test. This fact is 
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Fig. 4*6 (a) shows the block diagram of a spectrum analyzer, an instrument 
which uses a frequency-modulated klystron and oscilloscope to present the 
results of a varied frequency on an r-f system; (b) shows how a magnetron 
and a c-w reference frequency A have two spectra produced by beating with 

the local oscillator. 




shown in Fig. 4*5 (5). In the same diagram the appearance of a 
continuous oscillation 10 megacycles too high is shown. This is 
often used as a calibrating device. 

The appearance shown in the figure is characteristic of the 
spectrum of a pulse of radiant energy, which is discussed fully 
elsewhere, notably Chapter 6. 
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4*2 IMPEDANCE MEASUREMENT 


In the art of radar one fundamental problem encountered is 
that of luring microwave power out of a magnetron, into a line, 
onto the surface of a reflecting paraboloid, and back down again, 
if a target happens to give any return power. It is quite easy to 
avoid this completely at any one of the stages, as those who have 
tuned radars in the field know quite well. 

There is nothing mystic about microwaves. There do, however, 
exist waves in two directions as a general phenomenon. In radar 
particularly, and also elsewhere, it is of importance to minimize 
the amplitude of one of the two waves. This process is known by 
the name of ‘^impedance matching.’’ In the early days of micro- 
wave radar, when the performance of a set was a function of the 
skill of the operator (there being every tuning adjustment imag- 
inable), the process of impedance matching was regarded as a 
black art. This it Still is, if any equipment such as bends, tees, 
dipoles, and paraboloids is hooked together without previous 
bench testing and no monitoring equipment, and radiofrequency 
is turned into it. Microwave radar rapidly grew out of this stage, 
and for the last two years has had almost no tuning adjustments at 
all for the operator to handle. 

This state of affairs was reached by replacing cut-and-try 
attempts at tuning” with careful bench measurements. This 
will have to be done, in limited degree, in any experimental re- 
search or demonstration equipment that is expected to operate 
reliably. It involves a simple, rather pleasant, doctrine, which is 
here briefly described. 

Reflection Coefficients and Standing Waves 

Any transmission line which is intended to be simple and is 
infinitely long has one mode of power transfer and no reflected 
wave. As soon as anything occurs to change this the above state- 
ment ceases to be true. Power is reflected if the line is terminated, 
in general, or if any obstacle is introduced into the line, or if the 
line is broken in whole or in part. Inherently nothing can be done 
about this fact. But it is possible to measure quantitatively the 
reflection coefficient, examine the process causing the reflection, 
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and then add other obstacles or changes in such a way as to reduce 
to a minimum the reflection in the part of the line involved. The 
first job to do therefore is to find some way to measure all that can 
be measured about a reflection coefficient due to some unavoidable 
change in the line. This is done by standing wave measurements. 
The second job is to examine the possibility of eliminating the 
return wave by a matching device without introducing some other 
complication (like breakdown in the line due to excessive fields). 
It is generally found that a heavy reflection cannot usefully be 
eliminated. It is wise to return to the basic design and work on 
some radical change rather than to rely on the process of imped- 
ance matching to save the situation. However, where a moderate 
match is initially present it is possible to improve it considerably 
by transfonners; this process will now be considered. 

The measurement of standing waves is a relatively simple 
matter. It can be done with a slotted section of liiae or waveguide 
and a probe with a crystal detector, or with a thermistor bridge. 
The results are generally expressed in the form of a voltage-stand- 
ing wave ratio, meaning the ratio between the voltage across the 
line at maximum to the voltage at minimum. The square of this 
ratio is the power-standing wave ratio. The position of a minimum 
on the line is also of importance, as we shall show. Most bench 
measurements therefore yield the voltage-standing wave ratio, or 
simply standing wave ratio, and a minimum position. 

Standing waves are due to the superposition of waves traveling 
in opposite directions. We have already called attention to the 
fact that a wave can be described in terms of a component of a 
rotating radius arm whose motion is determined by both time and 
position. Now consider one point on an r-f line. It can be in 
coaxial line or waveguide or even the space near an antenna point- 
ing at a reflector. Since we do not change the position on the line 
the motion of the radius arm is determined only by time. We 
know that it rotates with an angular velocity w related to the 
frequency / by « = 2ir/. Now suppose that there is an outgoing 
wave of amplitude unity, and a reflected wave of amplitude a, with 
some phase relation to the outgoing wave given by the angle a. 
The two are at the same frequency so that, at the point under 
consideration, the two radius arms will be added vectorially and 
the resultant will rotate, producing the required sine wave varia- 
tions in either an rr or a sr component. If the phase is such that 
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the two arms add there will be a large amplitude, and if the two 
arms subtract there will be a small amplitude. 

Now move the point under consideration back toward the gen- 
erator. The phase of the outgoing wave will go backwards, that 
of the reflected wave will increase. The amplitude will therefore 
vary as the point goes back toward the generator, passing through 
maxima and minima. The rate of variation wall be such that each 
half wavelength along the line will cause a relaiive phase shift of 

360®, and so the 's^ariation in 
voltage will have this perio- 
dicity in distance. 

The variation of the awpZf- 
tude of the electrical oscilla- 
tions as the point considered 
is moved toward the generator 
is shown in Fig. 4*6. OP is 
the vector for the incident 
wave. PV is the vector for the 
reflected w^ave In this dia- 
gram we keep OP fixed and 
refer PV to it. The rotation 
of PV is therefore a composite 
of the angular retardation of 
OP and the advance of PV. 
The resultant vector w^hich de- 
scribes the tinie variation at 
any point is therefore OV, which varies in amplitude between 
OP\ and OP 2 . The distance traveled along the line w’^hile PV 
^oes all the way round the circle is one^iolf wavelength. 

We can now see what we do when we measure standing waves. 
Moving the probe of the measuring apparatus along a slot cor- 
responds to exploring the variation of OV. The maximum and 
minimum valued tell us the values of OPi and OP 2 * These values 
enable the amplitude of the reflected wave, namely one-half 
P 1 P 2 , to be measured. For this reason 90 per cent of standing 
wave measurements are simply aimed at determining the stand- 
ing wave ratio, since the reflected power is so often the desired 
quantity. 

For example, suppose r is the voltage standing wave ratio; unity 
and a the amplitudes of the incident and reflected waves. Thm 

96 



Pia. 4*6 The vector addition of the 
incident wave, amplitude OP, and the 
reflected wave, amplitude PV, The 
measurement of the standing wave 
ratio gives OP1/OP2 from which the 
amplitude of the reflected wave can be 
found. Measurement of the phase 
angle 0 can be related to the nature of 
the reflecting process in a systematic 
way. 


1 + 0 

r == 
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r — 1 


(4-2) 


a — 
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Suppose we register a value of 100 for r before a line is filled with 
gas and 10 after it is filled. Then before filling we have o very 
nearly 0.98, whereas after filling it is close to 0.82. The ratio of 
the amplitude after gas filling to that without gas is therefore 
0.82/0.98 or roughly 83 per cent. This illustration gives a measure 
of gas attenuation and shows how the standing wave ratio, with 
no profound analysis, leads to direct measurements of reflected 
amplitudes. 

It is clear that more information is available which is not used 
in so slight an analysis as the above. The reflection is due to a 
specific cause, and we have treated it as perfectly general. More 
information can be gained from the phase of the reflected wave, 
which can be measured by observing the position of the minimum 
of the standing wave pattern. Such measurements could be made 
and correlated with known types of reflection and a systematic 
science built up which would enable corrective measures to be 
devised intelligently. This indeed has been done. However, it 
has not been done without some previous ideas as guide. A con- 
siderable body of information existed before microwaves were 
developed, information collected in the study of transmission lines 
used at relatively low frequencies. Therefore, by common con- 
sent, the simple field theory of microwaves has been merged with 
the line theory of radio engineering, and the terminology used is 
taken from the latter. This brings with it some surprises, as for 
example the fact that a change in the radius of the inner conductor 
of a coaxial line is a “transformer,” and a narrowing of a wave- 
guide is an “inductive” iris. It seems to work, and the fact that 
during the war many physicists adopted it cheerfully argues that 
it is effective terminology. It means we need to translate the 
language of fields into voltages and currents. 

Voltage and Current Ratios when Reflections Occur: Impedance Vari- 
ations 

Consider the voltage and current ratios in a line when waves 
are traveling in it in both directions. We stress here the point we 
have already made that in a reflected wave the magnetic field is 
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reversed with respect to the electric field. Since the magnetic 
field is produced by the current, the current and voltage in the 
reverse wave are in the opposite sense from the direct wave. Thus 
for a wave traveling forward the voltage will be directed outward 
for current flowing forward along the center conductor. For a 
wave traveling backwards the voltage will be directed inward 
for current flowing in the same direction. 

On page 34 we shelved how a knowledge of the field in a coaxial 
line could be used to calculate the ratio of the voltage across the 
line to the current flowing in the line, a ratio known as the char- 
acteristic impedance. When reflections are present both the 
voltage and the current will be variable at different points of the 
standing Avave pattern, and accordingly there will not be a con- 
stant impedance but one which is periodically varying. Since 
it is proposed to consider coaxial line as a form of transmis- 
sion line it is necessary to know the nature of the impedance 
variation. 

Some information about this variation can be gained by a 
simple mathematical analysis. Represent the outgoing current 
by i = and the outgoing voltage by Since the 

ratio of voltage to current is defined as impedance we have just 
assigned the line an impedance Zo. Now suppose that on reflec- 
tion both voltage and current suffer a phase shift of <#> radians. 
Suppose also that there is a reduction of amplitude by a factor a. 
We have just pointed out in the previous paragraph that in the 
reflected wave the voltage is of opposite sign to the current; 
therefore for the reflected wave Ave have tV = and 

Vr = — Note that in the reversed wave the sign 

of kx is positive, denoting progress in the negative x direction. 
Adding the two we get for the current and voltage and 

Collecting terms we get 

The ratio of these, which is the impedance if t^e voltage is in the 
ntimerator or the admittance if the current is in Urn numerator, is 



a very simple quantity. Taking the ratio of voltage to current 
we have for the actual impedance Z as a fimction of position 


Z = 


z» 


1 + 
1 _ 


(4-3) 


The impedance varies along the line due to the reflection. A 
trivial but important case is that in which Z is the same as Zo at 
all points, in which case the attachment is a line of the same imped- 
ance. This can only be true for a = 0, or no reflection. The prob- 
lem of elimination of reflected energy can therefore be restated as 
the problem of attaching the proper impedance at the end of a 
section of line. Notice that when the exponent is zero we get 


Z 1 “[“ 

^ “ 1 - a “ 


(4*4) 


The voltage standing wave ratio is therefore a direct measure of 
the ratio of impedances with and without reflections. 

The manner in which the composite impedance due to both out- 
going and return waves changes is of interest. As x varies, the 
quantity which in the geometrical representation of 

Fig. 4*6 is the rotating radius arm PF, also varies. As 2kx in- 
creases by TT the value of reverses sign, while it has the 

same magnitude. The value of Z/Zo is therefore the reciprocal of 
its initial value. Hence in traveling down the line a distance 
2kx = TT, which is a quarter wavelength, we have moved to a 
point which has changed a low impedance in a high one. With 
obvious notation 

Z Zq 

2^0 ^X/4 

or 

2?Z\/4 = Zo^ (4-5) 

It will be seen later that much use is made of this property of a 
quarter wave section. 


Reducing Reflections: Impedance Matching 

If a transmission line, in practice, has considerable reflected 
power, it is obviously undesirable. Power is wasted, and the 
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presence of standing waves in the line causes regions of high voltage 
and may therefore cause breakdown. It is possible to introduce 
additional changes in the line so as to remove the reflections at 
the expense of a local region of reflection which is not serious with 
regard to power loss or breakdown. Such a process is called 
impedance matching. 

Suppose a line is intended to feed an antenna but the feed at 
the end is found to cause reflection when the standing wave ratio 
is measured on the bench. Now it is conceivable that a diaphragm, 
which would also cause a reflection, could be put into the line. 
This diaphragm does two things of importance. In the first place 
it produces an added reflection which can perhaps cancel the 
reflection to be removed. In the second place it confines radia- 
tion in the region between it and the antenna feed. This fact can 
perhaps be used to build up a region of higher field intensity from 
which, in spite of the poor antenna feed, the whole powder available 
from the generator can be radiated. If such a combination is to 
take place it would be expected that both the size and position of 
the diaphragm would have to be right. 

The diaphragm discussed above is similar to a transformer in 
that it depends for its action on a region of high field intensity. 
The more usual transformer has this field in the iron core. In the 
present case it is in a confined region of line. Diaphragms, sec- 
tions of line, and added lines are called transformers even though 
they bear no similarity in appearance to ordinary transformers. 

In order to appreciate the process of impedance matching con- 
sider how the above antenna feed could be matched to the line. 
The apparatus is shown in Fig. 4-7. A source of microwave power 
at the right frequency (and supposedly correctly matched) feeds 
into the line. A standing wave measurement is then made by 
moving a loosely coupled probe in the slotted section and reading 
the rectified crystal current. A reasonable standing wave ratio 
might be 2 in voltage. The position of the most convenient 
minimum is located with some care. Now a chart of some kind is 
consulted, and the impedance at the minimum is deduced to be 
half that of the coaxial line. A match is therefore secured by 
inserting a quarter wavelength of line of impedance ZJy/2 in the 
line, one end of this section being at a minimum point as near as 
possible to the fegd. There should th^ be a match. 
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We can now seek to understand this process. A very great aid 
in so doing is obtained from a simple geometrical construction. 
This is shown in Fig. 4 • 8. OP represents one position of the rotat- 
ing vector which describes forward wave motion in the line. In 
the uppermost diagram this describes the voltage; in the middle 
diagram, the current. It is supposed that the line has an imped- 
ance unity so that the length OP is the same in both diagrams. 
The effect of the imperfect feed is to add a reflected wave, which 



Fig. 4*7 Illustrating the process of impedance matching by measuring 
standing wave ratio and minimum position. The quarter wave transformer 
is determined in terms of these measurements and eliminates return power 

from the antenna. 

is represented by in the voltage case having a phase shift 
and a reflection coefficient a. As we consider points nearer the 
generator this phase shift increases in the manner described on 
page 96, taking for example the position PF", with the increase 
in phase shift being 2kx. In the current case we recall that the 
reflected wave has the current reversed with respect to the voltage, 
this being a basic property of the directions of the electric and 
magnetic vectors in a traveling wave. Therefore the current as 
seen in the middle diagram is represented by Pi\ at the feed and 
Pi" at a distance x down the line. 

The impedance is, by definition, the ratio of OF to 07. It is 
real only when they are along the same line. This is only at the 
positions OP' for voltage and 07^' for the corresponding current 
value; or OP" for voltage with OP' for current. These are the 
maxima and minima. In the first case the impedance is at its 
greatest, namely (1 + a)/(l — a), and in the second at its least, 
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Fig. 4*8 Vector addition of transmitted and reflected waves of voltage and 
current. The reflected current is opposite to the reflected voltage. The 
vector sum of voltage is therefore great when the current is small. The ratio 
of these, the impedance, is real at the maxima and minima. The bottom 
diagram shows current (solid) and voltage (dashed) together. The impedance 
is the vector ratio OA/OB, 


gram. It is now apparent that the standing wave ratio tells 
us the impedance at maximum or minimum directly. The crystal 
probe can be assumed to detect voltage only. Hence the maximum 
reads OP^ and the minimum OP". In the case we have described 
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the ratio of these is 2; therefore the impedance at maximum is 
twice that of the line and at minimum half. 

To see how the quarter wave section operates we note that the 
new section we insert does not have unity impedance. The voltage 
then has to be represented by OA' and the current by OB'. These 
two points are now the centers of the rotating vectors for voltage 
and current. It can be seen that when a quarter wave has been 
traversed, as indicated by the dotted semicircles, the voltage and 
current are both at P and the impedance is at that point unity. 


The Impedance Circle 


The case we have considered is unusually simple. Tn order to 
make the variation of impedance in general more apparent the 
geometrical construction can be employed to give the basis for a 
valuable impedance diagram. The bottom diagram of Fig. 4*8 
shows current (solid) and voltage (dashed) on one diagram. The 
impedance is the ratio of two vectors which are not, in general, 
along the same line. This fact is expressed by a complex imped- 
ance, and the two parts of the complex quantity are the real part, 
the ratio of OD (the component of voltage along the current direc- 
tion) to OB, and AD (the component perpendicular to the current 
direction) to OB. The points A, D, B form a right-angled triangle, 
and so we have 

BD^ + AD^ = AB^ = 4a2 


Now we can put BD — OB — OD, and in addition OD/OB = R, 
the real part of the complex impedance, and ADIOB — X, the 
reactive part. With these substitutions we have 

4a^ 4a^R 

(1 - i ?)2 + = 5 - 

OB^ OBOD 


Now OB*OD is equal to the square of the tangent to the circle 
from 0 which is 1 — a^, since OP is unity. 

Rearrangement of this equation, with this substitution, then gives 

i + AV... 






& 


This is a circle, radius 2a/(l -- o*), with center at (1 + o®)/(l — a*) 
on the axis of R, 
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A similar result follows for admittance, which is derived from 
the ratios of the two components of current to the voltage. 

These results can be made the basis for a simple impedance 
diagram, in which reactance is plotted versus resistance for various 
values of a, which is the quantity which determines the standing 
wave ratio. The variable on any given circle is the phase angle 
determined by the fraction of a half wavelength traveled down 
the line. Points of equal angle can be marked on the circle. The 
construction of these is easy because the lines of equal angle are 
also circles of radius (tan ^ fcx + l)/2 tan kx whose centers are at 
points along the reactance axis at (tan ^ kx — l)/2 tan kx. These 
circles all pass through the point of unit resistance and no reactance. 
This impedance diagram is useful in giving semiquantitative infor- 
mation and in helping to see the effect of various tuning devices. 

One great advantage of such a chart is that it permits an under- 
standing of the effect of varying the wavelength on a matching 
transformer. For example, consider the quarter wave transformer 
used previously. We know that this gives a perfect match when 
on frequency. Therefore we can draw a semicircle, as in Fig. 4*9, 
from the point R = 0.5, the minimum value, to the point 72 = 1. 
This represents the way in which impedance changes in a line of 
characteristic impedance l/\/2 as a quarter wavelength is trav- 
ersed. Now if the wavelength is increased by 10 per cent the 
angle traversed is 10 per cent less, and the point reached is some- 
where about as indicated at C. To determine this point precisely 
it would be necessary to construct the lines of equal angle (i.e., to 
makej^ery nearly a whole impedance chart centered on the value 
I/V 2 ). However it can be seen that an estimate of the correct 
position can be made with fair accuracy. It is then at once appar- 
ent that a standing wave ratio of about 1.1 in voltage would be 
encoimtered. Roughly the same value will be obtained if the 
wavelength is diminished by 10 per cent. 

We can use the chart to suggest a match which is less frequency- 
sensitive. Suppose, instead of matching perfectly to the point Op 
we match to a point beyond 0 at the standing wave ratio of 1.06. 
Then we complete the match with a second quarter wave section 
of the right impedance to lead us to the point 0. Now if the 
wavelex^h increases by 10 per cent a glance at Fig. 4*9 shows 
that the first transformer is too siiort by 18^ and the impedance 
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reached is at F. The second transformer then takes the impedance 
from there to a point which is again 18® short. This is, however, 
within the 1.05 standing wave ratio circle. The same is true for a 
10 per cent decrease in wavelength. This illustrates one of the 
many possible ways of broadbanding. 

Naturally a method which increases the bandpass by using 
two transformers is susceptible of still more improvement if several 



Fig. 4 • 9 Illustrating the use of the impedance chart. To match a standing 
wave ratio of 2 we can use a quarter wave transformer ABO which leaves a 
mismatch at C or Z> for a 10 per cent change in wavelength. Or two sections 
can he used, one matching to the 1.05 point as shown at AEF followed by 
another matching to 0, by the traasformer FGO. A 10 per ccmt change in 
wavelength still leaves the mismatch within the 1.05 circle. 

transformers are used. Carried to the limit, this means that a 
taper section with a gentle taper is very broadband. This is found 
to be the case experimentally. 

A very important feature of microwave technique is a length of 
shorted line, or stub. Its action can easily be seen from Fig. 4 • 10. 
Since the shorted end produces a reflection coeflScient of —1, the 
point 0 lies actually on the circle. The impedance can thus never 
have any real component at all. The ends of the current and 
voltage vectors lie on a diameter in all cases so that the voltage 
vector is always perpendicular to the current vector. It can also 
be seen that, as the length of the line increases past a quarter 
wavelength, the current changes from leading the current to lag-- 
ging it, always by 90®. Therefore, if we put such a stub across a 
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line it offers a means of varying the impedance of a line in so far as 
a pure reactance shunting the line is of any use. In more physical 
language, it is possible to take a little power out of the line and re- 
turn it in the right amplitude and phase to remove the return wave. 

The use of a stub can be seen from the conductance-susceptance 
version of the impedance chart. This is used because the stub is 
added in parallel with the line and for such a case admittances 




Fig. 4 • 10 Illustrating current and voltage relations in a shorted line. Since 
the voltage and current vectors are always perpendicular to one another the 
line has a pure reactance. 

are additive. In Fig. 4*9 the same circle can be used for admit- 
tance. Then it is seen that a stub placed at the correct position 
on the line, as at S or S', can be adjusted to add inductive or capaci- 
tive susceptance to the line so as to reach exactly the point 0 and 
give a match. 

A diaphragm placed in the line has a similar action, but adds 
pure reactance since it is in series with the line. The stub is more 
easily made variable than a diaphragm and so is used for adjustable 
tuning. A diaphragm is used when a permanent match is desired. 

The Smith Circular Chart This chart, which was suggested 
by P. H. Smith,® is more directly related to the simple process of 
vector addition and is convenient in that the value of the standing 
wave ratio can be included by a movable arm. The center of the 
diagram is the point of unit impedance ratio as before. In this 
case, however, the circles, in place of being circles of equal stand- 
ing wave ratio and equal electrical angle, are circles of equal re- 
sistance but varying reactance on the one hand or equal react- 
*P. H. Smith, Electrcnics, Jan. 1939, p. 29, and Jan. 1944, p. 130. 
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ance but varying resistance on the other hand. On the admittance 
chart the corresponding circles are isoconductances and isosus- 
ceptances. 

It is necessary to be familiar with these charts before they 
become useful. It is suggested that more complete treatments 
be consulted if any extensive impedance matching involving 
different kinds of components is to be done. 


Summary of Methods of Impedance Matching 

In Table 4*1 is given a short summary of various methods of 
impedance matching. Some of these need no comment and some 
are discussed in the next section under the description of micro- 
wave components. 


Table 4-1 Summary op Methods of Matching 


Type of Transformer 
Line stretcher 


Quarter wave section 


Multiple quarter wave 
section 
Taper section 

Single-stub 

Double-stub 


Triple-stub with outer pair 
ganged 

Screw in waveguide 

Iris in waveguide 

Squeeze section in guide, 
changing the width in 
the a dimension 

Termination in guide 

Termination in coaxial line 


Features 

Changes length of line. Does not affect stand- 
ing wave ratio but may improve the power 
delivered. 

Obeys relation ZtZq = Must be inserted at 
a standing wave maximum or minimum. Is 
f requcncy-sensiti ve. 

Uses the same principle but can be made more 
broadband. 

Properly made is the limit of the above and has 
a wide bandpass. 

Introduces susceptance of either sign to any 
amount. Can match anything if the position 
on the line can be chosen. 

Can match conveniently over a wide, but not 
complete, range. Range can be complete with 
an extra quarter wave section. 

Can match anything. 

Adds capacitance until nearly across the guide 
and then rapidly becomes inductive. 

In wide side, capacitive; in narrow, inductive. 

Acts like line stretcher. 


Consists of wedge-shaped semiconductor placed 
across narrow dimension. 

Poly-iron plug. 



4-3 MICROWAVE COMPONENTS 


In this section we briefly describe the more commonly used 
component parts of a microwave system. Many different designs 
of these exist. What we describe are therefore largely intended 
as illustrations and do not constitute a complete catalogue. 

Free Space 

This is by far the most used and most important microwave 
component. All that we can usefully say about free space is, of 
course, included in Maxwell’s equations for free space as given in 
Chapter 1. We can, however, inquire about the “impedance” of 
free space. This seems queer at first sight because no electronic 
currents flow. It is really a small matter because we have already 
made the point that, when we describe a flow of electrons, the 
important part is really the electric and magnetic fields resulting 
from the flow, particularly the magnetic field. It does not matter 
how this magnetic field originates; it still plays an important role 
in determining voltage differences, since a time-changing magnetic 
field produces an electric field, which is the quantity from which 
voltage is derived. Therefore, if we wish, we can give a more 
general meaning to impedance and take it to be the ratio of the 
electric to the magnetic vector. This property does not actually 
depend only on free space; it also depends on the kind of field 
configuration. We therefore specify that the impedance of free 
space is the ratio of the electric vector to the magnetic vector for 
plane waves of a single frequency. In the units employed in 
Chapter 1, statvolts per centimeter for electric field and gauss for 
magnetic field, there results an impedance of unity. To obtain a 
number in terms of ohms we require that the power transfer given 
by the Poynting vector c(E X H)/47r is of the form where 
Z is the impedance T^uired. We have already seen that H is 
numerically the same as £ in the original units; therefore if we 
convert from statvolts per centimeter to volts per centimeter we 
can do so numericafly for both E and H, This makes the numeri- 
cal value of the Pojmtmg vector [E^/{300)^] X (c/4ir) ergs per 
second or E^/120v watts. The value of Z is thus seen to be 377 
ohms. This number is occasionally, but not often, of some use. 
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Air 


Unfortunately for many purposes free space is generally con- 
taminated by air, which has a dielectric constant and permeability 
so near unity that they can nearly always be neglected. However, 
air can become ionized and, if electrons are once liberated and the 
fields are high enough, the air can pass very large currents in the 
form of a discharge. No simple figure can be given for the break- 
down field intensity. The figure usually quoted is 30 kilovolts per 
centimeter. Everything being equal, the breakdown voltage is 
proportional to the pressure of air. These figures are given only 
for the purpose of rough calculation. It can easily be seen that in 
a coaxial line where the impedance is 50 ohms and the power 
transmitted is 10® watts the voltage developed is 7000 across the 
line. If the inner conductor has a radius of 0.5 centimeter the 
field near it is 40,000 volts per centimeter, which is definitely 
liable to cause breakdown. Therefore air breakdown is a serious 
matter. 

Also of interest is the possibility of absorption by any con- 
stituent of the atmosphere, notably water and oxygen. This is 
only serious above 10,000 megacycles. 


Coaxial Cable 


,Cpaxial cable has the characteristic impedance (in ohms) of 
JSu log (5/a) where h is the radius of the outer conductor and a of 
the inner. The field developed in a coaxial line at radius r is 
V /[r In (&/a)]. The attenuation in such a cable is determined by 
the line constants: /?, the series resistance per centimeter; G, the 
shunt conductance per centimeter; L, the inductance per centi- 
meter; and C, the capacitance per centimeter. The attenuation, 
in decibels per centimeter, is then a, where 


/R [C G fL\ 


(4-7) 


Three general design considerations exist. The first is for the best 
distribution of the field strength to avoid breakdown. It gives a 
ratio of radii of 2.7 and an impedance of 60 ohms. The second is 
related to this and is the choice dictated by maximum power 
flow. Since the power flow is where V is the voltage across 

109 



the line, a different ratio, namely 1.65, holds, with an impedance 
of 30 ohms. The third consideration is for minimum attenuation 
which gives a ratio of 3.6 and an impedance of 77 ohms. In prac- 
tice a 50-ohm line is generally used for high power transmission 
and 70-ohm line for low level work. 

Beads and stubs are used to support the inner conductor where 
solid dielectric is not used. For bast transmission a line with a few 
stub supports is by far the best. Beads seem to have no advantage 
at all. Solid dielectric cable is convenient if losses of the order of 
0.1 to 0.25 decibel per foot can be tolerated. 

The maximum diameter of a coaxial line is determined by the 
possibility of non-coaxial modes (i.e., modes which are like wave- 
guide fields). These modes can be excited at bends or stubs, and 
they give rise to severe attenuation and bad reflections. The 
greatest distance from the inner conductor to the outer should not 
exceed a quarter wavelength. This greatest distance is generally 
at a stub support. 

Stub Supports 

These are quarter wave sections which accordingly present v^ry 
high impedance at the center conductor. Unless they are spe- 
cially designed they have very narrow bandpass characteristics. 
The broadbanding is achieved with a stub design of the form shown 
in Fig. 4*11 (a). In broadbanding advantage is taken of the fact 
that, on one side of the correct length, the stub introduces an 
imaginary impedance of one sign while on the other side the sign 
is changed. Since the stub is across the line, not in series with it, 
it is simplest to think in terms of susceptance. This susceptance, 
which changes sign, is balanced against the change in length around 
the circle corresponding to the sleeve transformer as indicated on 
the susceptance diagram. Fig. 4* 11 (b). The standing wave ratio 
as the wavelength is varied, is shown in Fig. 4-11 (c). A band- 
pass of 15 per cent for a ratio of 1.01 is obtained. 

Such stubs can be used as straight supports or to turn right 
angles. The dimensions given are for J^-inch line. 
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Fig. 4-11 (a) A broadband stub support. Its action can be followed on the 

susceptance-conductance chart (6); it is seen to be due to the fact that the 
stub adds susceptance of opposite signs on each side of resonance. This corn- 
pensates for the change in effective length of the matching transformer as the 
wavelength changes. The excellent match is shown in (c). 


Rotating Joints 

These are a kind of free-for-all in quarter wave and half wave 
sections. A schematic design is shown in Fig. 4*12. It is found 
that sliding contact joints do not maintain consistent operation. 
Hence capacity coupling is used. 

Such rotating joints can be made with a standing wave ratio of 
around 1.02 rising to 1.08 at 10 per cent off frequency. The break- 
down conditions are good, as the regions of small spacing are 
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regions of low field. The critical region for voltage breakdown is 
the short section of abnormally small inner conductor. 



Fig. 4*12 Coaxial rotating joint. A series of 4 coaxial quarter wave chokes 
is used to prevent power from being radiated at the break A in the outer con- 
ductor and enable a loose contact at where currents are low, to connect 
the inner conductor. 


Waveguide 


Waveguide is considered only for wavelengths of 15 centimeters 
or less because its physical size becomes manageable only below 
that point. In the region from 15 to 9 centimeters there is a cer- 
tain amount of option regarding the use of waveguide or coaxial 
line, if the power to be transmitted does not exceed 200 kilowatts. 
Below 9 centimeters coaxial line is troublesome because the outer 
diameter must be kept progressively smaller as the wavelength 
diminishes, in order to prevent unwanted ‘‘waveguide^^ modes 
from forming. 

Waveguide does hot have the property of a guaranteed single 
mode of excitation which is so useful in a coaxial line. For this 
reason the size of the guide has to be considered carefully when the 
wavelength to be transmitted is determined. Therefore wave- 
guide is commonly designated as ^‘3-centimeter waveguide,’’ or 
“10-centimeter waveguide,” meaning that the appropriate dimen- 
sions have been chosen for that wavelength. The basis for choice 
of dimensions is the selection of the critical dimension between the 
cutoff for the first mode and the second mode. Thus rectangular 
guide is chosen to have a width a [see Fig. 2*6 (d)] greater than 
X/2 but less than X. The former passes the lowest mode while the 
latter passes the next. Usually the width is made close to the 
maximum permissible without exciting the second mode. Table 
4*2 gives the cutoff sizes for some modes in rectangular and 
circular guide. 


112 



Table 4 *2 Cutoff Sizes in Rectangular and Circular Guide 
RectangiUar, width a depth b 



CircvlaTf radius a 


Mode 

Xc 

TEo.i 

27ra/3.83 

TEi.i. 

27ro/1.841 

TEj.i 

2to/3.06 

TMo.i 

27ra/2.405 

TMx.i 

2ira/3.832 

TMj.i 

27ro/5.136 


Circular guide is of interest because it offers modes of excita- 
tion which are radially symmetrical as well as modes which are 



Tfioj Top view, magnetic field 

Fig. 4*13 Illustrating three inodes in circular waveguide. The middle 
figure shows a mode which is useful for rotating joints. 


very like those of rectangular waveguide. The fields for two of 
these are shown in Fig. 4-13, with a rectangular type given for 
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comparison. The TMoi mode is the most useful in practice be- 
cause it has a relatively high cutoff wavelength, which makes it 
possible to excite this mode without too much complication from 
other modes; therefore it can be used in rotating joints. 

The designation of the modes of circular waveguide is more 
complicated than for rectangular guide, because the same basis, 
namely the solution of a wave equation with the correct boundary 
conditions, leads to types of oscillation determined by integers. 
In circular guides the integers refer to the order and root of 
Bessel functions which are not simple to describe without 
elaboration. 

Waveguide is very adaptable. Bends and twists are readily 
possible; in a bend the radius of the bend should not be much 
smaller than the wavelength. Usually standard bends are made 
up which can be soldered into the standard rectangular wave- 
guide. The reflected power at each bend is exceedingly small, of 
the order of 1 per cent. A setup can therefore suffer the presence 
of two or three bends without noticeable reflected power. The 
same is true of twists. 

Attenuation in guide which is well below cutoff conditions is 
very low. For by 3 inch waveguide it is 0.5 decibel per 100 
feet at 10 centimeters, whereas for ^ by 1 inch guide it is 4 decibels 
per 100 feet at 3 centimeters. Insulating dirt does not greatly 
affect these figures as the power is still carried on the metal. How- 
ever, a thin film of moisture can be most dangerous. Separate 
droplets are not so significant, but any pool of condensed water 
can give rise to an attenuation of a third of a decibel per foot or 
even more, in IJ^ by 3 inch guide. 

The poweT'-carrying capacity of a waveguide is given roughly by 
the formula 


Power = 3.82a6 — 

X, 


(4*8) 


where the power is in megawatts, a and h are in inches, and X and 
Xg refer to the free space wavelength and the guide wavelength 
respectively. Then we can see that for 10.7-centimeter radiation 
in a 1^ by 3 inch guide where Xg is 15.2 centimeters we have a 
power-carrying capacity of over 10 megawatts. It would be wise 
to plan on less than this as heat and processes which can put ions 
into the guide to start a breakdown have been ignored. 
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Choke Joints 


It is usually impossible to design a microwave system with the 
entire plumbing soldered together. For example, it may be 
necessary to take a section out to replace a tube. Waveguide 
lends itself to a very simple and effective, if rather clumsy, type of 
joint, the choke-flange joint. ActuaUy, if two pieces of rectangular 
waveguide are placed near each other, properly lined up, but not 
touching at all, the joint is remarkably good. Rapidly changing 
electric field intensity in the gap takes the place of conduction 



Fig. 4*14 Waveguide choke joint. When two waveguides are held end to 
end without contact there is nearly perfect power transfer. In the choke joint 
as shown this is done with the added feature of a cylindrical quarter wave 
choke which returns the small amount of power which has been lost. 

current very efficiently. The difficulty is the mechanical problem 
of accurate support, and it is overcome by the choke-flange joint 
illustrated in Fig. 4*14. A gap is deliberately left at the junction 
of the two guides. The slight amount of radiation at the gap is 
allowed to produce a wave in a space which leads to a groove cut 
in the choke joint as shown. This wave is reflected at the con- 
ducting end of the groove. The total path length in this barely 
recognizable transmission line is arranged to be one half wavelength 
out and the same back, so that the reflected wave returns exactly 
in phase to the place where the leakage of energy occurred. It 
therefore contributes to the legitimate field at the gap, and the 
loss in the legitimate wave in the guide is eliminated. Such choke 
joints are so successful that losses are reduced to about 0.02 dec- 
ibel per joint. They can be badly assembled or misaligned with 
almost no bad effects. 
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Tees 


>•••••< 


Tee-joints can be made in either the E plane or the H plane as 
iUustrated in Fig. 4 • 15. Tees themselves are not so significant as 
the reason for the junction (i.e., the tee introduces a branch in 
the line), and how the power divides depends on what is at the 
end of each line. Tees are of great importance in microwave 

plumbing. It is worth while 
to point out that there is a 
difference between the phase 
relationships in the waves after 
division by E plane and II 
plane tees. These phase re- 
lationships are made use of 
in the “magic tee"' which will 
be discussed later. 

In general, some kind of im- 
pedance matching must be 
added to each tee. Since a 
tee is never included without 
an ulterior motive, this motive 
determines the nature of the 
match. 
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(b) 



Fia. 4*16 The two forms of wave- 
guide tees. The upper is the H plane, 
made in the wide dimension. The 
size of the dots denotes the up-and- 
down electric field, and it can be seen 
that there is no phase difference in 
the branches of the tee. The lower is 
the E plane, made in the narrow di- 
mension. The arrows show the direc- 
tion of the electric field; the phase 
difference in the branches is evident. 


Feeding Waveguide from 
Coaxial Line 


If one is interested in doing 
this merely for the purpose of 
making measurements or dem- 
onstrations, it can be achieved 
simply by means of an antenna 
placed in the waveguide and fed directly from the coaxial line. 
In order to achieve a good match the antenna should be placed 
near the end of the waveguide, which should be sealed off so 
that the power proceeds down the guide in one direction. The 
distance of the antenna from the end of the guide and the length 
of the antenna, or probe, are variables which have to be made 
optimum for a good match. This is not difficult to do and, in 
particular, if it is possible to put a plunger in the closed end of 
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the guide, the match can be made by the motion of this plunger. 
All this is shown in Fig. 4*16 (a). A broadband match can 
be obtained which has a voltage standing wave ratio less than 
1.1 for zt 5 per cent of change in wavelength. Notice the de- 
sign of the plunger which avoids contact at a high current point. 

The simple method just described will handle powers up to 
about 100 kilowatts, but it is not very satisfactory for transmit- 




Fig. 4*16 Feeding waveguide from coaxial line. The guide is excited in 
version (a), which is adaptable for laboratory use, by a probe antenna. This 
is matched to optimum by a plunger as shown. For introducing high power 
the ^^doorknob’’ input is used, (b) shows a factory-matched ‘‘streamlined” 
input capable of handling over a megawatt. It has excellent bandpass 

characteristics. 

ting high power. Since it is much easier to extract power from 
ihagnetron oscillators by means of the conventional coupling loop 
into a coaxial line, it is general practice to feed a short length of 
large diameter coaxial line from the magnetron and then to couple 
this to the waveguide. To do this a ‘‘doorknob^' input is used 
which employs the same principle of antenna feeding, but the 
n^ntenna is a kind of half wave antenna going right across the 
guide and making electrical contact with the upper surface. To 
reduce reflections back into the coaxial line, which give bad volt- 
age problems, the antenna is spread out into a ‘^doorknob'' which 
is shown in Fig. 4-16 (6). This ‘‘streamlining^’ gives a very good 
performance as far as reducing breakdown voltages is concerned. 
The matching is achieved by a semicircular end plate. The 
original design of this is due to G. M. Hollingsworth of the General 
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Electric Company. The feed is as broadband as the simple design 
previously described. 


Waveguide Rotating Joints 

Two forms of waveguide rotating joints are in use. For high 
power systems a coaxial line rotating joint can be used which is 
fed from waveguide by a doorknob jimction with a second door- 
knob junction to return to waveguide. This joint is very attrac- 
tive for sets operating at above 10 centimeters since the diameter 


Matching 

partition 

Resonant 
ring 


Section BB 

Fig. 4*17 Waveguide rotating joint. The rotation is accomplished by using 
the radially symmetrical TMoi mode. This is excited directly from the 
rectangular guide mode. Matching partitions reduce the reflections back 
into the rectangular guide, and resonant rings prevent the formation of the 
rectangular mode in the circular guide. 

of the rotating joint is reasonable, and enormous and expensive 
bearings are not needed. 

A second form which is in considerable use is shown in Fig. 4*17. 
A transition is effected to the TMqi mode in cylindrical guide as 
already described. This mode has radial symmetry and so per- 
mits rotation without alteration of the fields. The ordinary 
TEi,o mode enters through a choke joint, and is matched by a 
diaphragm at BB. The field due to this spreads into the cylin- 
drical guide and excites the TMqi mode. The opposite occurs at 
the other end where the TEio mode is re-exdt^ in the output 
guide. Since the cylindrical guide is large enough to permit the 
cylindrical version of the rectangular guide mode, which is not 
radially symmetrical, it is advisable to cut this mode out by 
means of rings which will permit the axial mode but not tibie usual 
transverse mode. About 7 per cent improvement in match is 
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obtained in this way. Such rotating joints are effective and 
reliable and are in general use for wavelengths below 10 centi- 
meters. 


Diaphragms in Waveguides 


It is a relatively easy matter to insert diaphragms in wave- 
guides. They can be shaped to enable the appropriate impedance 
match to be attained. Such diaphragms therefore play an impor- 
tant part in microwave technique. 

A large number of diaphragms are capable of theoretical calcula- 
tion. The results are generally expressed in terms of an “equiv- 
alent circuit.’’ Such calculations were made by the theory sec- 
tion of the Radiation Laboratory and appeared in the Waveguide 
Handbook.^ Other information is contained in the Sperry Design 
Data book already quoted. For actual design purposes such 
sources should be consulted. Here we give only very broad in- 
formation on some interesting types of diaphragm with approxi- 
mate formulas which might enable rough tuning to be accom- 
plished. 

The first two diaphragms are the capacitive and inductive types 
shown in Figs. 4*18 (a) and 4*18 (b). Their equivalent circuits 
are also shown. The value of J5, the shunt susceptance for the 
capacitive case, is given approximately by 

B 9.26 / ttA , ^ 

(4-9) 

where X* is the guide wavelength, Fo is the admittance of the un- 
obstructed guide, and S and b are as shown. 

For the inductive case the reactance X is given by 


X 



(4-10) 


where Zq is the impedance of the imobstructed guide and h and a 
are as i^own. The case of a tuning screw illustrated in Fig. 
4*18 (c) is of interest as it provides a very convenient method of 
* Eadiatioa Latx»atc»y Report 43, Feb. 7, 1944. 
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tuning an experimental waveguide arrangement. The screw adds 
susceptance slowly at first, then rapidly until a point about 0.8 
times the height of the guide is reached. It then changes sign 
and becomes inductive. This would be expected because a 
vertical obstacle which crosses the entire guide is inductive. 



Fig. 4*18 Some waveguide diaphragms: (o) is capacitive; (6) is inductive; 
(c) is a schematic drawing of a tuning screw which largely adds susceptance as 
indicated; (d) shows two kinds of resonant slit. 

The general nature of the reactance change is shown in Fig. 
4*18 (c). 

Resomni slits are of considerable interest. Two varieties of 
resonant slit are shown in Fig. 4 ’18 (d). These are slits which 
transmit at a particular wavelength. For the straight slit shown, 
the wavelength is very slightly longer than twice the slit length. 
The frequency selectivity Q of such slits is generally in the neigh- 
borhood of 10, although a very narrow slit can have a Q of 60. 
Resonant slits find application in gas discharge switches where the 
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narrow portion of the slit can be used to develop a high field which 
causes the gas to break down and completely alter the field dis- 
tribution as a result of the current flow across the gap. A dumb- 
bell type of slit is suitable for this purpose. 


Waveguide Impedance 

In the above discussion of the effects of diaphragms, the imped- 
ance of the waveguide appeared for comparison with the react- 
ance introduced by the diaphragm. The impedance of the wave- 
guide, like that of free space, is not a definite quantity due to the 
possibility of various modes. Actually it is not often of importance 
to know the explicit value of the waveguide impedance, since the 
process of matching is a relative matter. Using the same defini- 
tion of impedance as that produced for free space, namely the ratio 
of the electric field in volts per centimeter to the magnetic field 
re-expressed in terms of current equivalent, we have, for the 
impedance of a guide carrying a TE mode, Zq = 377 \g/\ ohms, 
and, for a TM mode, Zq = 377 X/X^ ohms. If the medium in the 
guide has dielectric constant K and permeability m, these values are 
multiplied by \/ fx/K. 


Tuning a Waveguide System 

For experimental arrangements tuning screws are very con- 
venient, and they serve the purpose excellently. Two screws 
placed % guide wavelength apart w^ill match almost any line. For 
high power these are not satisfactory, as they are liable to cause 
breakdown. Some use has been made of double-stub tuners, 
designed after the pattern of coaxial line tuners. These are short 
sections of waveguide joined as E plane tees and spaced 
apart. Such tuners have been known to survive half a megawatt 
at 10.7 centimeters wavelength. If the plunger is not carefully 
made they are liable to break down. The best procedure for high 
power applications is to survey the line at low power and match 
it correctly. It should then be satisfactory at high power. If this 
expectation is not realized, the best practice is to find out why, 
rather than to attempt to construct a high power impedance 
matcher. 
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4-4 MICROWAVE RADIATORS 


A very important phase of microwave technique is concerned 
with radiating microwave energy into space. This is paramount 
in radar and radio communications. It is quite important in 
laboratory experimentation. For example, the original observa- 
tion of the absorption of microwaves by ammonia was carried out 
in the space between tw^o reflecting mirrors. The development of 
the art of creating beams of microwaves is therefore of prime 
interest. 

Microwaves, although they are, of course, of the same funda- 
mental character as light waves, differ considerably regarding the 
basis for design of reflectors. The difference is simply that be- 
tween geometrical optics and physical optics. In the case of visible 
light it is customary to point out that light consists of waves, and 
that wavefronts are curved by refraction in lenses or by reflection 
at mirrors; but the actual calculations of lens and mirror behavior 
are almost always made with formulas derived from geometrical 
optics. The reverse emphasis is found in microwave optics. One 
may quote a focal length to a paraboloid, and occasionally use 
reasoning which is founded on geometrical optics; but the fact 
that the wavelength of the radiation is not far from the dimensions 
of the reflector forces the consistent use of physical optics. Thus 
it is clear that the phenomenon of reflection from a paraboloid is 
one of diffraction in the main, and not of geometrical reflection. 
We thus expect to find the relations of physical optics a great aid 
in securing narrow microwave beams. 

So many microwave antennas involve illuminating a paraboloid 
to obtain high directivity that there is no doubt that first con- 
sideration should go to considering paraboloid radiation patterns. 

Patterns from Paraboloids 

If a reflecting surface is illuminated by a source of small dimen- 
sions, there is a distribution of energy in the reflected beam.' This 
consists of a maximum, along the direction expected according to 
simple ideas, with subsidiary maxima which are determined by 
the suse of the reflector, the wavelength of the radiation, the way 
in which the illumiimting energy is distributed, and the an^e of 
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incidence of the radiation on the reflector. This pattern of max- 
ima resulting from such illumination is called the secondary pat- 
tern. The way in which the illuminating energy is distributed is 
called the primary pattern. 

The secondary pattern is due to the summed effect of the 
illumination over the surface; or in other words, to the primary 
pattern as defined by the reflector. This summation includes 
amplitude and phase. In general amplitude depends on the dis- 
tance traveled, and phase on the distance divided by the wave- 
length. A source placed at the focus of a paraboloid will therefore 
produce disturbances after reflection which are equal in amplitude 
and phase. This is a long way of saying that a plane wave is 
developed which does not diverge, a result which is obviously 
desirable. The extensive use of paraboloids is due to this fact. It 
may be thought that there is no problem other than locating the 
focus and employing as near to a point source as possible. This 
is almost true in the optical analogy, but with microwaves, where 
the wavelength compares with the reflector, this step is only a 
beginning. We have already said that there exist maxima and 
minima due to diffraction. These maxima are called sidelobes. 
Such sidelobes may ruin discrimination in a radar, or cause “cross- 
talk” in radio communications. Therefore it is also necessary to 
pay attention to means of illuminating a paraboloid so as to 
eliminate or reduce sidelobes. While doing this it is naturally 
necessary to retain high directivity. There is therefore consider- 
able art to the illumination of a paraboloid. We give here a few 
of the simple considerations of that art. 

We first tabulate some definitions: 

Antenna gain is the ratio of the peak power of the reflected beam 
to the average (i.e., to the power obtained if it were uniformly 
distributed over a sphere). 

Antenna gain function is the ratio of the power radiated in the 
solid angle defined by the azimuth angles $ and $ + dSy and the 
elevation angles 0 and ^ to that of an isotropic radiator 
between the same angular increments. "Explicitly this is 




power per unit solid angle at $ and <l> 
total power 
4 ^ 
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E plane and H plane are defined with respect to the polarization 
of the feed; they denote the planes of the electric vector and the 
magnetic vector of the feed respectively. For a feed which is the 
equivalent of ,an oscillating dipole the E plane contains the dipole 
axis and the H plane passes through the center of the dipole 
perpendicularly to it. 

Half power width is the full angular width of the central maximum 
of the power antenna pattern (power as a function of angle), either 
transmitted or received one way, measured at the angles for which 
the power is one half peak power. 

With these definitions to aid our language we can proceed. 

Factors Determining Gain and Sidelobes 

The highest gain that can be obtained from a paraboloid is that 
resulting from uniform illumination of its surface. This, how- 
ever, also gives high sidelobes. No sidelobes at all are obtained 
for an illumination which is a Gauss error function of the distance 
from the center of the paraboloid. Such illumination is only 
possible approximately and then is very wasteful of the area of the 
paraboloid so that the gain is very low. Somewhere in between is 
an optimum. A most convenient way of considering the effect of 
the distribution of the energy from the feed is due to Spencer,® 
who considers illumination functions of the form 

where r and R have the meanings described in Fig. 4* 19, which is 
intended to make clear the meaning of the term illumination 
fimetion. The greater the value of p the more rapidly does the 
illumination diminish toward the edge of the paraboloid. Uni- 
form illumination is obtained for p — 0. In Fig. 4 <19 the plane 
ACB, taken reasonably close to the paraboloid, is a plane of equal 
phase, if the source is effectively a point and is at the focus. The 
illumination over ACB is the primary pattern, from which the 
secondary pattern at large distances is developed. The secondary 
pattern is described in terms cff the angle 0 as mar'ked. 

' R. C. %)encer, Radiatkm LabcKatoiy Report T-7, Oct. 19^. 
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The distribution of energy along a radius r from C will depend 
on the nature of the feed. Its distribution is represented by shad- 
ing and by a bell-shaped function. This bell-shaped function is 
described by equation 4-11. 

Using this function and appl 3 ring the fact that the secondary 
pattern, which is described in terms of can be derived from the 



C ' r— n- 


Fia. 4-19 Gkjometrical picture of a paraboloid and feed. The property of 
the focus of a paraboloid guarantees that along line AB the phase is constant. 
The primary pattern of the feed gives an amplitude distribution over the. 
plane of the aperture which is indicated by the shading of the circle and by 
the contour below. The secondary antenna pattern is due in part to the 
nature of the primary pattern and in part to its interruption by the aperture. 

primary pattern by means of the Fourier integral,® Spencer has 
prepared the table shown here as Table 4*3. 


Table 4*3 




Half Power 


First 

Intensity of First 



Width 

First 

Subsidiary 

Maximum Relative 

p 

Gain 

(W) 

Minimum 

Maximum 

to Main Maximum 

0 

9200Z?*/X* 

1.87X/Z> 

2.28X/Z) 

zm\/D 

1.75% 

1 

6900DVX* 

2.31X//> 

3.06X/JD 

"3.79X/j[) 

0.34% 

2 

6100Z)Vx® 

2.68X/D 

3.79X/D 

4.52X/Z> 

0.09% 


In this table the angular values are in degrees, the diameter of the parabo- 
loid, Z>, is in feetf and X, the wavelength, is in centimeters. 


• See Ap pendix 1. 
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In addition it is useful to remember that the gain of a imiformly 
illuminated paraboloid, for which p = 0, is 


(? = 


4tA 

IT 


(4-12) 


where A is the area of the paraboloid, in the same units as X^. 
Also the product of gain and the square of the half power width, 
GW^y is nearly a constant. If W is expressed in radians the con- 
stant is unity. If further sidelobes are of interest, it can be shown 
that they decrease as [X/(27r sin in power. 

Table 4-3 is very informative. In the first place it is apparent 
that very high gains can be obtained. By making the paraboloid 
of diameter 10 feet at 10 centimeters wavelength the gain for 
p = 1 is 6900. About two thirds of this can actually be realized. 
Illuminating such a paraboloid at 1 centimeter gives a gain one 
hundred times larger. The highest antemia gain in use to the 
authors^ knowledge is in a lightweight height finder radar which 
has a gain of 18,000 and employs a 10 by 3 foot elliptical section of 
a paraboloid to give a spread beam in one direction. The radar 
operates on a wavelength of 3 centimeters. 

In the second place the sidelobes can be reduced to very low 
figures if the illumination is tapered off toward the edge in the 
optimum way. Thus a first sidelobe of intensity 30 decibels 
below the peak intensity is quite realizable without too much 
sacrifice of gain. 

If a paraboloid cut to a non-circular form is used, as in the case 
just cited, the figures given in Table 4-3 become approximate 
only. They are still of some use if the gain is expressed in terms of 
area, as in equation 4 • 12, rather than in terms of diameter. More- 
over, the widths of the beams in the two dimensions can be esti- 
mated qualitatively by treating each dimension as though it were 
a true diameter. 


Actual Antenna Designs 

The actual antenna pattern from a 30*inchKliameter dish 
illuminated at 3.2 centimeters using a waveguide feed with a disk 
reflector is shown in Fig. 4*20. This figure is taken from an article 
by G. F. Hull, Jr.^ It can be seen that it agrees in broad char- 
» G. F. Hull, Jr., Am, J, Phy$,y U, 111 (1947). 
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acteristics with the figures of Table 4*3. Such patterns are 
experimentally plotted by using the antenna as a receiver and 
taking advantage of the reciprocity theorem. This theorem can be 
thought of as a consequence of Huygens’ principle, and it states 
that interchanging the transmitter and receiver does not change 
the ratio of the power transmitted to power received. In terms 
of antenna patterns this means that the pattern for reception is 



Degrees 

Fig. 4-20 Experimental power distribution pattern from a 30-in. paraboloid 
illuminated by 3.2 cm radiation. 

the same as for transmission, and so it is possible to measure the 
pattern by observing the power received by the antenna from a 
transmitter located at a considerable distance. The antenna is 
rotated into a series of directions, and the pattern is plotted. 

Feeds 

As stressed previously, the actual antenna pattern is determined 
largely by the primary pattern, which depends on the nature of 
the feed,^ and many designs have been tried. Some of these are 
shown in Fig. 4*21. Almost any desu^ primary pattern can be 
obtained, particularly for feeding a paraboloid. 

A horn feed illununation is the most widely favored. A horn is 
mmply a i^layed end to a waveguide. Horn feeds are reasonably 
easy to mat<^ and have moderate bandwidth. An interesting 
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form of feed for ground radar is the linear array, which is described 
later. 

The power-handling capacity of a feed is of some interest. A 
megawatt may have to be dealt with. The energy flow in watts 
per square centimeter is ^/^/377, where E is in volts per centimeter. 
We can calculate the minimum area across which the megawatt 
must flow, assuming that breakdown occurs when E is 30,000. It 




Fig. 4-21 Three common types of microwave antenna feed. 


is seen to be about square centimeter. In view of the fact 
that fields near a dipole are not imiform and that some safety fac- 
tor has to be allowed in case there is a mismatch, it can be seen 
that breakdown can easily occur. Hence it has proved absolutely 
necessary to keep pressure in all high power microwave feeds un- 
less they are well distributed, as in the linear array. A horn lends 
itself very readily to this as it may be closed by a single thin 
polystyrene plate which does not require elaborate matching. 

The paraboloid itself must be rigid and geometrically right. In 
large paraboloids this is a limiting factor. The doctrine usually 
held is that the '^dish^' should be accurate to within Ke wave- 
length. 

One point of importance in feed design is the interference effect 
of any back lobe in the feed. This is in the direction of the main 
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beam, but it has not been reflected from the paraboloid and so 
may not be in the right phase relationship with the rest of the 
energy. Abnormal sidelobes may result. To reduce these, the 
focal length of the paraboloid should be a whole number of half 
wavelengths, which restores the right phase relationship. 

This same effect of interference between the reflected energy and 
direct energy is responsible for much of the trouble of matching 
an antenna over a wide band of frequencies. Power is inevitably 
reflected back i^to the line if the feed is on the axis of the parab- 
oloid since reflected energy must return to it. By feeding from off 
the axis and tilting the dish so that no energy is returned to the 
feed, as can be done in some applications, the problem of match- 
ing is greatly reduced. 

Beam Shaping 

The simplest method of shaping the beam by a small amount is 
to use the radiation from two paraboloids. This is done by tack- 
ing a strip of metal, shaped to a different focal length, in the 
appropriate position to radiate the power as wanted. This may, 
for example, appear as a ‘^chin'^ on a paraboloid to give more up- 
ward radiation, or a vertical strip to give a more fanned beam. If 
the shaping required is considerable the process of obtaining the 
right pattern is very laborious. 

Usually the fanning is required merely to give an increased 
width to the beam; for example, in shipboard radars with un- 
stabilized antennas where the roll of the ship makes detection 
intermittent unless the beam is fanned considerably. The con- 
siderations of Table 4-3 show that for such fanning the ‘^aperture 
ratio’ ^ must be high (that is, the dish must be longer in one direc- 
tion than the other). To illuminate such a dish is difficult. Highly 
frequency-sensitive methods can be devised; for example manu- 
facturing the dish in the form of a ‘‘cheese,” which is a cylindrical 
paraboloid with sides to it. When horn-fed this gives aperture 
ratios as high as 5 to 1, but has pooi: bandwidth. The next ad- 
vance was made by using a linear array to feed a cylindrical 
paraboloid. The aperture ratio available by this means is well 
over five. Such an antenna has one serious disadvantage in that the 
direction of the beam is dependent on frequency. Often this condi- 
tion is not troublesome and, where it is not, this method is excellent. 
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It has turned out that a paraboloid cut to nearly the shape of 
the primary pattern of a horn feed can be made with an aperture 
ratio of three or more. Such anteimas have quite high gain, good 
bandwidth, and are often quite satisfactory. 

Illumination off axis is very liable to increase the sidelobes. 
The beam deterioration is so great that in general it can be said 
that distorting the beam by as mitph as one beam width by off- 
axis illumination is the maximum allowable. 


Linear Arrays 


If a series of dipoles is placed at regular intervals along a wave- 
guide and coupled to the field in the guide by short probes, the 
phase of the radiation from each dipole is determined by the posi- 
tion on the waveguide and the wavelength of the radiation in the 
guide. The power radiated by a series of such dipoles is given by 
an expression virtually identical with that for the light intensity 
at a given angle to a diffraction grating. The important term in 
this is 

sin^ Nnd 

Intensity ~ A ; (4 • 13) 

sin^ nd 


where N is the number of dipoles, d is the distance between them, 
and n is a quantity defined by 


or 



(4*14) 

(4.15) 


according to whether the dipoles are always fed identically or are 
reversed alternately. B is the angle made with the normal to the 
guide, X and \g are the free space and guide wavelengths respec- 
tivdy. 

The radiation maxima are found from equation 4*13 to be de- 
termined by the vanishing of the denominator, which leads to the 
requirement that either 


an Bnaa. * ~ (A + 1) 

A|[ d 
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(4-16) 



or 


sin ^max 



(4*17) 


where h is 0, 1, 2, etc. 

These are two very interesting expressions. The guide wave- 
length is always greater than the wavelength in air, and so the 
only possible solutions of 4-16 are those which give maximum 
radiation along the guide, the so-called ^^endfire array , This can 



Fig. 4-22 Power radiated as a function of wavelength fed in, for a 106- 
elexnent broadside array feeding a cylindrical paraboloid. The full line is 
for off-axis feed so that no power is fed back into the feed from the “dish.^' 
The dashed line is for a similar feed which is on-axis and so is subject to return 
power. The effect on the bandpass is striking. 


be used for some broad beam antennas where high gain is not 
needed. K the dipoles are reversed alternately, formula 4*17 
applies, and with the right choice of d it is possible to make sin 
~ 0 and so obtain a broadside maximum. It turns out that the 
exact broadside gives too hi^ a standing wave ratio to be easily 
matched, so that a small angle of ‘‘squint,^' of the order of 16® to 
20® has to be tolerated. Such an angle gives a feed of low standing 
wave ratio with exceptionally good bandpass. The bandpass of a 
105 dipole array, feeding a cylindrical paraboloid along the axis 
of the cylinder but off the paraboloidal axis, is shown in Fig. 4*22 
as the solid line. For compar^n the on-axis power curve is 




shown. The bad effect of the return power entering the feed is 
striking. The data are Blackmer^s.*^ 

Ropid Scanning 

The linear array has an important application suggested by 
Alvarez and developed further by Clapp, among others, namely 
that by changing the wavelength in the guide the angle of the 
maximum can be varied and the beam will be scanned. The 
change in wavelength can be made by varying the primary fre- 
quency of the transmitting tube. This method of scanning may 
prove to be very excellent when tunable magnetrons are readily 
available with convenient methods of tuning. The other method 
is to vary the width of the guide, the so-called ‘‘delta-a^^ process. 
An increase of 50 per cent in width of the guide makes possible an 
angle of scan of 20®. This is done in the GCA, which is described in 
Chapter 11, and in other specialized radars. Other methods of rapid 
scanning are available, but are somewhat elaborate to describe.^ 


4-5 POWER MEASUREMENTS 

The measurement of power is important in microwave tech- 
nique. It is only by careful measurements of power that the actual 
behavior of a microwave “circuit^^ can be accurately described. 

High level and low level measurements differ markedly. The 
difference lies in the fact that at low level we are interested in 
amounts of power which are at the limit of detectability and so 
have to use maximum amplification. At high level there is no 
problem of detection, and the main considerations are accuracy, 
reliability, and convenience. We can consider high level first. 

Water Load Measurements 

The fact that water readily absorbs microwaves can be made 
use of for bench calorimetric determinations of microwave power. 

*L. L. Blackmer, Kadiation Laboratory Report M-166-D, 1944. For 
general information on linear arrays see H. J. Hiblet, ^‘Microwave Omni- 
directional Antennas,” Proc. LRJE,, 462 (1947). 

* Further information on antennas can be found in the Badiatian Labora- 
tory Technic Series and in *^Radar Antennas” by H. T. Friis and W. D. 
Lewis, Proc. 219 (1947). 
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The microwave power is converted into heat, which is measured 
by measuring the flow of water and the temperature rise due to the 
absorption of power. The heat produced in calories per second is 
so measured. It can readily be converted into familiar wattage 
units. The only problem is therefore that of matching into the 
water load. In one form of design the water load is a section of 
coaxial line with a glass window one quarter wavelength long 
sealing the main line from the water section. The glass is chosen 
so that the quarter wave thickness acts as a matching transformer. 
In a waveguide a simple method of matching is to place a glass 
section containing the water diagonally across the short side of the 
guide. This is a familiar method to secure attenuation without 
reflection and is commonly applied as a form of termination where 
power must be dissipated and no power returned to the line. Such 
water loads can be used to measure average powers of 10 watts 
and up. They are accurate, and they are the ultimate reference 
for calibration. 

Directional Couplers 

A directional coupler is a device which abstracts a definite small 
fraction of the power flowing in one direction in a line but does not 
respond appreciably to power flowing in the other direction. In 
the early days of microwave development the simplicity and 
scope of standing wave measurements impressed all workers. As 
the subject advanced into maturity ingenuity began to be applied 
to the problem of actually isolating a wave in one direction from 
the other. Ultimately so many designs of ^‘directional coupler^^ 
appeared that a whole report was necessary to index them. 
Granted that such a device exists, it can be used to monitor power 
continuously by taking a known fraction of the total power and 
feeding it into a thermistor connected to a bridge. The fraction 
of the power fed to the thermistor must be determined by calibra- 
tion with a water load. After this has been done the directional 
coupler and thermistor form a satislactory means of monitor- 
ing power. For a discussion of this see a report' by Hadley. 

A brief account of directional couplers is given in the next 
section. 


C. F. Hadley, Badio Research Laboratory Report 411-246, Sept. 1945. 
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Low Level Power Measurement 


The instrument which makes low level power measurement 
possible, if one has sensitive receivers, is an accurate attenuator. 
If power of the order of micromicrowatts is to be measured, there 
is first the problem of its detection. We can suppose this to be 
achieved by some sort of low noise^ amplifier. It is then possible 
to use this amplifier to observe the signal resulting from the 
attenuation of a known amount of power fed in from a relatively 
high power source through an attenuator. By comparison of the 
signal to be measured and a signal .of equal amplitude from the 
synthetic source through the attenuator it is possible to make 
quite accurate measurements of power. Thus for the measure- 
ment of the echo strength observed in a radar, the echo itself is 
matched with a synthetic echo from a signal generator which is 
fed through the attenuator and the attenuator is read. Measure- 
ments of this kind can be made fairly easily, for example while 
on an airplane in flight, and can be used to determine the per- 
formance of a radar. 


4 '6 OTHER MICROWAVE DEVICES 

In this section we describe briefly some microwave equipment 
which was developed primarily as part of radar research and which 
seems likely to have future application in radar or elsewhere. 
The items concerned are cavity gas switches, or “TR boxes”; 
r-f amplifiers; directional couplers; ‘^magic tees”; and Vrat 
races.” 

Cavity Gas Switches or TR Boxes 

To keep the high power out of the receiver of a radar while the 
outgoing pulse is in the r-f line, a cavity gas switch was devised by 
Sutton at Oxford University and by Lawson at the Radiation 
Laboratory almost simultaneously. The purpose is to feed the 
higih power radiation into a cavity resonator of high Q where the 
voltage developed is enough to cause a discharge in the gas in the 

^ As far as the authors can tell the word “box” reverts to the days when the 
TR was not yet invented and was referred to as a black box. TR of course 
is the abbreviati(Hi transniit-receive. 



cavity. This causes a vigorous redistribution of current which 
may be made to act as a switch. 

The general appearance of such a switch is shown in Fig. 4*23. 
It consists of a tube containing gas which can be introduced into 
a cavity. The tube itself contains hydrogen and a little water 
vapor at about 1 centimeter of mercury pressure. The two elec- 
trodes are sealed into the glass envelope, leaving two flanges to 
which the cavity can be attached. The electrodes are hollow cones 




Fig. 4*23 Cavity gas switch or TR tube. The production of a high field 
between the conical electrodes starts a discharge which changes the effective 
manner of operation of the cavity to that of a coaxial type with a radial elec- 
tric field. This completely upsets the power transfer conditions and can be 
made to protect a sensitive receiver. 

with about a millimeter separation at the gap. The starting of the 
discharge is facilitated by a ^‘keep alive’^ electrode which main- 
tains a steady low current discharge inside one of the cones, thus 
providing a permanent supply of ions in the discharge space. 
The cavity can be tuned by tuning screws of about % inch di- 
ameter. The tube described is the 721, The 1B27 is similar but 
tuning is done by changing the gap spacing by means of a metal 
tuning screw sealed into the envelope. 

The manner of action is as follows. When no discharge passes, 
the cavity is excited by the input coupling loop as shown, with the 
electric field along the axis of the cylinder having a high value at 
the gap. If a discharge passes between the ends of the cones the 
conditions are profoimdly altered. Considerable conduction cur- 
rent is now flowing through the gas across the gap; this current 
will modify the electric fields in that region so that the bound- 
ary auditions which determine the manner of oscillation of the 
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cavity are no longer obeyed. To cite an extreme version of the 
process we can suppose that the effect of the discharge is to replace 
the gap by a conductor. If this is done the electric field must be 
radial, and not as drawm; moreover, the resonant wavelength is 
twice the height of the cavity, which is far from the operating 
frequency. There is therefore a strong mismatch to both lines. 
The cavity in the discharging state is thus a means of rejecting the 
flow of radiofrequency, whereas in the non-discharging state it is 
well matched and causes very little reduction in the power de- 
livered. 

TR tubes can reduce 200 kilowatts in the main line to 50 milli- 
watts on the far side, while permitting a loss of only 2 decibels 
when a discharge is not present. They have a “clcan-up time'’ of 
up to 200 microseconds if measured at the highest power and the 
greatest receiver sensitivity. This is due to the existence of resid- 
ual ions in the discharge after the pulse has passed. TR tubes 
have a life, under exacting conditions, of about 200 hours. Since 
the process we have described does not take place instantaneously, 
a TR tube passes a short but intense “spike" at the start of a 
pulse which is troublesome. 

Bandpass TR 

A recent design of TR by M. D. Fiske at the General Electric 
Company is likely to displace the above type of TR. Discharges 
are produced in resonant slits, a device originally used by Long- 
acre in an early high power ground radar. If a resonant slit such 
as Fig. 4 • 18 (d) is placed in a waveguide the high power will cause 
breakdown, and there will be ion current in the gap which is then 
effectively closed. Without the discharge the transmission is 
virtually complete for the correct frequency. 

Such air gaps were tried by Longacre with some success, except 
for short lifetimes on account of burning at the gap. A design for 
an enclosed, partially evacuated gap was then worked out, and 
this was given the name “beetle." 

A considerable improvement on this design was naade by Fiske, 
who showed that three such beetles placed at a quarter guide 
wavelength spacing gave very broad bandwidth and low leakage 
power under discharge, in addition to having a low transmission 
loss. 
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R-F Amplifiers 


One of the severest limitations in the whole of microwave 
technique is the great difficulty of amplifying microwave power. 
Amplifiers do in fact exist, but either they are limited as to power 
or they are noisy. 

A GL446 lighthouse tube can be used as an r-f amplifier; one 
set up for such use is shown in Fig. 4-24. The noise figure in such 
an amplifier increases rapidly as the wavelength diminishes below 
20 centimeters, and the gain decreases correspondingly. There is 



Fig. 4-24 Lighthouse tube as r-f amplifier. Fully separate grid and plate 
cavities are used. Input is by contact to the inner conductor of the grid 
cavity. Output is from a loop near the tuning plunger in the plate cavity. 
This is only one of several possible arrangements. 


no reason to believe that this limitation is inherently insurmount- 
able. An experimental low power amplifier has, in fact, been 
built by Neher. A power gain of 15 to 30 decibels is obtained at 
a bandwidth of 6 megacycles and a noise figure (page 246) of 10 
to 14 decibels below theoretical. 

Directional Couplers 

If a line has waves running in two directions it is possible to 
couple a second line to it in such a way that there is asymmetry 
between the two directions and the added line. By a suitable 
design the effect of this asymmetry can be made such that only 
one of the running waves is found in the second line. The original 
name for this device was “wave selector*^; at present it is called 
directional coupler* 
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Three Buch directional couplers are shown in Fig. 4*25. The 
information for this drawing is taken from a report by Severing- 
haus.^2 The first is the ‘‘Bethe hole” type of coupler. In it a sec- 
ond waveguide is placed across the main guide at an angle deter- 

Probe to remove 



Fig. 4*26 Three types of directional coupler. The arrows indicate the line 

of power flow. 

mined by the sise of guide and the coupling. The two are con- 
nected through a hole as shown. The power flows back along the 
acute angle. The reason for this (and for directional couplers in 
general) is not easy to see. It depends on the fringing field at the 
hole and the new boundary conditions impos<^ by the second 
guide at the angle chosen. 

^ J. W. Severinghaus, Hadiation Laboratory Eeport 55, Feb. 1045* 
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The second is the two-hole coupler. The two holes are spaced 
a quarter wavelength apart, and the power flows in the original 
direction. This type of coupler is usually explained as due to 
amplitude summation and cancellation on account of the quarter 
wave spacing. A wave which reverses its direction introduces a* 
change of half a wavelength between the two holes, whereas a 
wave which continues in the same direction keeps its phase the 
same. The opposition of phase in the reversed case cancels the 
field and removes the wave. This is an oversimplified version, 
but it gives the correct direction of flow. 

The third is the Schwinger type, which is more involved and, 
although it has not been put into use very much, it is likely to be 
the most satisfactory. 

In all these couplers the power needs to be absorbed or it will 
return to the line and cause mismatch. This absorption is done 
by means of a semiconducting strip placed across the short side 
of the guide, so reducing it below cutoff, and cutting it like a 
wedge, making the transition gradual. 

Magic Tees 

It has been pointed out that the two kinds of tee, H plane and 
E plane, produce different phase relationships in the divided radia- 
tion. This fact is made use of in the ‘‘magic tee^^ which is a com- 
posite of the two kinds of tee, as illustrated in Fig. 4-26. The 
important property of the magic tee lies in the fact that it enables 
an asymmetric effect to be observed and measured. Thus if we 
consider power fed in from E in the E plane, as indicated in Fig. 
4*26, it will divide equally into branches L and iZ, and the guide 
H in the H plane will have part excitation by downward field 
arrows as drawn and part by upward so that there will be no net 
excitation. Now suppose that a reflection due to some mismatch 
at L occurs but that none occurs at R, There is then a wave travel- 
ing all the way down the line LR with downward arrows, which 
is our representation of a wave from left to right. This wave gives 
a consistent excitation to the H plane guide and power flows into 
it because of this reflected wave only. The magic tee is therefore 
a directional coujder of clean and understandable design. 

A simple magic tee introduces considerable reflections. These 
do not affect its internal operation but cause a mismatch in the 
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line to which the tee is attached. Thus there is, of course, some 
reflected power back along the E branch. In fact this corresponds 
to a reflection coefficient of about 40 per cent. In the H plane 
branch it can be as much as 60 per cent. These reflections must be 




H 


ib) 

Fig. 4*26 Magic tee. A double tee is constructed as shown in (a). Line H 
is not excited by power fed in from E because the field at H is half up and 
half down. If an asymmetry, for example, due to a reflection at L exists, 
there is a net up field, and line H is excited proportionally to this asymmetry. 

reduced by some means which does not destroy the symmetry. 
Pound suggests for a 3-centimeter tee a post in the position shown 
to match the H plane and an iris, also indicated, to match the E 
plane. Magic tees have interesting applications, some of which 
will be considered in Chapters 8, 12, and 13. The original idea is 
due to Tyrrell of the Bell Telephone Laboratories. The opera- 
tion and possible applications of magic tees have been described 
by Dicke and Kyhl.^® 

“ R. V, Pound, Radiation Laboratory Report 662, August 1946. 

W. A. Tyrrell, “Hybrid Circuits for Microwaves, **Froc. $5, 1294 
(1947). 

^ E. H. Dicke and R. L; Eyhl, Raifiadon Laboratory Report 4^ (1946). 
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Rat Races 


The important feature of the magic tee as just described is that, 
when the excitation in the arms L and R is equal in every respect, 
there is no excitation at all in H, For very accurate frequency 
discrimination this is important. However, the matching post 
and iris will not permit high power in the guide without break- 



Fig. 4*27 Schematic drawing of a rat race, a device which divides power 
fed in at between branches L and Ry but not H, It is broadband and can 
support high power. 

down. Therefore if such a device is to be used at high power it 
needs modification. This modification is shown in Fig, 4-27, and 
is called, reasonably enough, a ‘‘rat race.” 

The operation again depends on the phase division of an E plane 
tee. This division, which occurs at the entry JB, results in two 
waves having the same direction across the guide at Hy which is a 
field configuration which will not excite H, The power therefore 
divides equally between L and R. The same is true for power fed 
in at H which divides in such a way as to build up a field at E 
which will not excite E. The power then goes equally to L and R. 
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The advantage of such a rat race over a magic tee is that a 
match can be obtained for both E and H lines by the correct choice 
of the width of the circular path. The a dimension is made I/V 2 
times smaller than the normal guide. Since no power goes into 
H and it is situated an even number of half wavelengths from E, 
it has no effect on the impedance at JS. The impedances due to 
L and R add at E, and so each must appear as with the line E 
as 1. If x is the impedance of the curved guide we have, by the 
familiar quarter wave relation, 


0:2 ^ 



or 


1 


"Vi 


This accordingly determines the width of the guide in the curved 
part, for the impedance of a guide is proportional to its depth. 

Rat races can be made to give an attenuation of 50 decibels 
between power in at E and power out at // for the center of the 
band, and 30 decibels 10 per cent off frequency. They have no 
sharp edges and can support high power. 


4*7 MEASUREMENT OF THE Q OF CAVITIES 

Of increasing importance in microwave research is the measure- 
ment of the Q of cavities. It is used as part of the design of a 
microwave accelerator or in the measurement of small absorption 
coefficients (Chapter 13). It is necessary in the development of 
TR boxes. 

The direct measurement of the frequency-versus-power-absorbed 
curve naturally enables the value of Q to be found. It is usually 
easy to vary frequency, and so the procedure adopted is to observe 
the power transmitted or absorbed at the peak (frequency /) and 
then the frequency at which the same quantity is reduced to half 
of its value. Two values, f and /", can be obtained on each side 
of maximum. Q is then by definition //(/" — /'). 

Since Q is a measure of the power stored compared to the power 
lost, an 3 rthing which increases the power lost will affect the value 
ofQ. Ihus if a load is applied to the cavity the value of Q changes. 
The value of Q for a matched output load is called flie loaded Q. 
The unloaded Q is naturally greater. In order to derive the value 
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of the unloaded Q from the measurement of the loaded Q it is 
necessary to observe the power reflected by a cavity into which 
radiofrequency is being fed and also the position of the standing 
wave minimum as a function of frequency. If the cavity is highly 
efficient, so that the unloaded Q is much greater than the loaded 
Q, the measurement is simplified. The power reflected is measured 
as a standing wave ratio r, at resonance. Then 

Unloaded Q = (1 + r) (loaded Q) 

Other methods of measurement are in use. If a sensitive receiver 
and a pulsed r-f source are available the Q can be measured in 
terms of the ringing time of the cavity. Since the rate of loss of 
power (see page 48) is given by the time to lose power after 

the cavity has been excited can be made a measure of Q, This is 
suitable in a laboratory which is equipped for radar because the 
pulsed r-f source and sensitive receiver are automatically present. 

It is possible to measure the energy stored by means of a series 
of thermistors placed at various points in a large cavity and aver- 
aging the values read. This can then be compared to the power fed 
in (and also lost) and a direct measurement of Q made. This 
method enables very sensitive absorption determinations to be 
carried out. 

Summary 

This chapter can hardly be summarized. It is more to the point 
to consider the state of the art and to predict future progress. It 
is likely that the application of careful design to space charge 
amplifiers and oscillators will bring tubes which compete with the 
magnetron in output power and permit the use of amplification 
techniques. These will give a flexibility to the use of microwaves 
which is at present lacking. The present stage in design is one in 
which microwaves are about as well understood as circuits at 
lower frequencies, and the thinking is based on the knowledge 
gained from that field. The stage of design in which microwaves 
are the basis and are not treated by analogy with other circuits 
has just about begun. Developments like magic tees and directional 
couplers are products of purely microwave theory. 

«E. Nunker, H. C. Early, G. Hok, and G. R. Bridgeford, fn Very High 
Frequency Te^ntgueSf McGraw-Hill B^k CJo., 1947, p. 618. 
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The important question of limiting wavelength is hard to 
answer. There is no doubt that means for obtaining reasonable 
powers at centimeter now exist. A radical change in principle 
may be required to enable the production of 1-millimeter waves. 
The technique for handling high power at such wavelengths 
would be quite different from an3rthmg now used unless the art 
of controlling the modes in a large ^ a\eguide could be brought into 
being. 

There is a lot to do with what we now have. As a tool in physical 
and chemical investigation microwaves have hardly begun to be 
used. Some of the possibilities are being realized, and the pre- 
liminary results of such work are described in the last three chap- 
ters of this book. 

PROBLEMS 

4 • 1 Compute the radius of a cylinder which will give 100 db attenuation 
in 10 cm length at 10 cm wavelength in air. TEn mode. 

4-2 A coaxial line of outer diameter ^ in. with an inner conductor of 
diameter in. has the inner conductor changed in diameter to } 4 . in. What 
is the standing wave ratio in the first section of line? 

4 -3 Using the figures given on p. 103 construct an impedance and admit- 
tance circle chart suitable for your own use. 

4-4 Show how to match the two lines above with a quarter wave sleeve 
at 10 cm wavelength. Calculate the standing wave ratio at 11 cm for the 
sleeve you propose. 

4 • 5 Repeat the above with two adjacent sleeves a quarter wavelength long. 

4-6 A coaxial line % in. outer and in. inner conductor diameter is ob- 
served to break down when 600 kw are fed into it while a standing wave ratio 
of 3 in voltage is present. What power will it carry when properly matched? 

4 • 7 Calculate the attenuation in 100 ft of the above cable at 10 cm. 

4*8 A bend in 1)^ by 3 in. waveguide is observed to give a standing wave 
ratio of 1.01 in voltage at 10 cm. Suggest the depth and position of a match- 
ing screw to eliminate this. 

4*9 Calculate the cutoff wavelengths in a round pipe of 1 cm radius 

4-10 Calculate the power-carrying capacity of by 1 in. guide at 3 cm 
and 4 cm wavelengths. 

4-11 What standing wave ratio is introduced by a capacitive symmetrical 
diaphragm placed in a by 3 in. waveguide with a gap of 1 in.? 

4 ‘ 12 Compute the gain and sidelobe values for a 10-ft paraboloid illumi- 
nated at 3 cm wavelength by uniform illumination. 

4* 13 Plot a graph showing how the direction of beam in a broadside array 
in a guide in. deep changes as a is vaded. Assume X « 3 cm. 
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CHAPTER 


5 


PULSE CIRCUITS 


The de's^elopment of television and radar has given great impetus 
to the study of circuits for the generation, amplification, and de- 
tection of short voltage and current pulses of duration^ measured 
in microseconds. Such pulses are called video pulses since they 
first became important in the picture-transmission problem. 
Pulse techniques, particularly as developed for radar applications, 
have also proved to be very useful in scientific work, and it is 
safe to predict that their usefulness will be much extended in the 
near future. 

5-1 SPECTRUM OF A REPETITIVE PULSE WAVEFORM 

A consideration of the spectrum of frequencies contained in a 
video voltage pulse makes it clear why problems arise in pulse 



o 


Fig, 5*1 A repetitive pulse waveform. 

circuits which are of less importance in circuits designed for use 
at audio- and low radiofrequencies. Suppose the voltage varies 
with time t according to the diagram in Fig. 5*1; that is, it has the 
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value zero except during pulses of width r seconds and height E 
volts, occurring at intervals of l//r seconds, where fr is the repeti- 
tion frequency. Since this waveform is repetitive it can be ex- 
panded in a Fourier series and, since it is an even function of 
only cosine terms appear in the expansion: 

, V « / irfcr/r \ 

e(() = Erfr 11 + 2/ cos 2Tkfrt ) 

V frt rkrfr / 

00 

= ^0 + cos 2Trkfrt (5 • 1) 

Thus the repetitive pulse waveform is composed of a d-c term 
plus all the harmonics of the repetition frequency; the harmonics 



Fig. 6 • 2 Amplitude spectrum of pulses of width t sec occurring at intervals 

of 1/fr sec. 

are all in phase at < == 0. The quantity r/r appearing in the d-c 
term is called the duty cycle. The d-c term is thus equal to the 
duty cycle times the pulse amplitude. The amplitude spectrum 
of the waveform is obtained by plotting the amplitudes of the 
various components against their frequencies. The function 
(sin x)/x has zeros at a: » nir(n » 1, 2, 3, • • • )> extrema at the 
roots of tan x ^ x. Harmonics with frequencies in the neighbor- 
hood of n/r have small amplitudes; the amplitudes have alter- 
nately positive and negative values about these zeros. These 
facts are illustrated in Fig. 5^2. If the pulse width is 1 microsec- 
ond, the first zero wifl occur at 1 megacycle. 
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It is evident that as the repetition frequency becomes smaller 
the spacing of the harmonics becomes smaller. In the limit, for 
fr = 0, the Fourier series analysis breaks down since the wave- 
form is no longer periodic. In this case, the amplitude and phase 
spectra of the waveform may be computed by the Fourier integral 
method (Appendix 1). It is found that, for a single rectangular 
pulse, the amplitude spectrum is a continuum of frequencies ex- 
tending from — 00 to + 00 , having a (sin x)/x envelope as in Fig. 
5*2, with zeros occurring at / = ±(n/r) {n = 1, 2, 3,* • •)• The 
maximum amplitude, at / = 0, is 

Circuit Bandwidth 

It is evident that a circuit which is required to respond to short 
pulses must be able to accommodate a wide range of frequencies. 
In particular, a video pulse amplifier must have a reasonably flat 
amplitude response up to high frequencies. In addition, its phase 
response must not deviate too greatly from the ideal relation 
<t) = a/, where </> is the phase angle and a is a constant. However, 
there are very good reasons for not making the response of an am- 
plifier any broader than necessary for the particular application 
for which it is designed. As will be seen in Chapter 8, unavoidable 
noise power in the output of an amplifier increases in proportion to 
the bandwidth of the amplifier. Furthermore, as shown later in 
this chapter, the gain which is realizable per stage in an amplifier is 
in general inversely related to the bandwidth, so that for a given 
overall amplification a broadband amplifier requires more stages 
than one with a narrower pass band. It thus becomes a matter of 
some importance to be able to judge what bancfwidth is optimum 
fpr a particular application. This can only be done roughly, since 
different applications call for different pulse output characteristics. 
In radar practice, for example, it is important to balance band- 
width (with accompanying noise) against the visibility of small 
pulses in the presence of noise (i.e., to Maximize the signal-to-noise 
ratio in terms of signals and noise presented on a cathode ray tube. 
Chapter 6), whereas in the measurement of the velocity of trans- 
mission of ultraspnic disttirbances by pulse techniques the primary 
objective is to obtain amplified puls€» with steep leading edges. 
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The effect of bandwidth on the ability of an amplifier to repro- 
duce a short pulse is illustrated ^ in Fig. 5 ‘3. Any amplifier can 
be looked upon as a filter, since it does not amplify signals of all 
frequencies. The curves in Fig. 5*3 (a) give the amplitude char- 



BR3 














i^l 


ts -2-10123 

[-► f in megacycles 

(low |>ass filters, curves A. B, C,} 

in megacycles 

(bandpass filters, curves A, B, C, D) 



Fig. 6*3 Pulse response of various filters. (H. Wallman, Radiation Labora- 
tory Report 286, June 1942.) (a) Amplitude characteristics of various low 

pass and bandpass filters; (&) response to a l-Aisec rectangular video pulse 
(low pass filters) or modulation pulse (bandpass filters) of filters having the 
characteristics shown in (a). A, single-tuned filter; B, C, fi single-tuned 
cascaded filters; D, id^l bandpass filter (phase shift taken equal to rad 

per me). 

acteristics of some important low pass and bandpass filters (curves 
Ay By and (?), and the ideal bandpass filter (curve D). The right 
half of curve A is essentially the characteristic for a single video 
amplifier stage of the type shown in Fig. 5*4; it has a half-power 
cutoff frequency of 1 megacycle (we pay no attention here to the 
i H. Wallman^ Radiation Xiaboratoiy Rep(»*t 286, June 
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decrease in gain at very low frequencies since it is of no importance 
in connection with 1-microsecond pulses). Both halves of curve 
A constitute the characteristic of a single-tuned amplifier using a 
parallel resonant coupling filter (cf. page 226), tuned to the fre- 
quency /o and 2 megacycles wide at the half-power frequencies. 
Curves B and C correspond to six video stages, or six tuned stages, 
in cascade, with overall bandwidths, for the video case, of 1 and 
megacycle respectively. Figure 5*3 (6) shows the response of 
these various filters to a 1-microsecond input pulse. It will be 
noted that a bandwidth of even 3^ megacycle (in the low pass 
case) is sufficient to allow the output pulse to reach nearly full 
amplitude, but that the pulse edges are less steep than when the 
bandwidth is 1 megacycle. Six cascaded stages give an output 
very similar to a single stage of the same bandwidth, but with a 
larger delay time. The square characteristic of the ideal band- 
pass filter gives an output which has very little advantage, re- 
garding steepness of edges, over single-tuned stages of the same 
bandwidth, and has the disadvantage of causing considerable 
overshoot. Overshoot is invariably encountered with actual filters 
having sharp cutoff because of the bad phase shifts which accom- 
pany such cutoff. 

A generalization of some value in the present connection is that, 
for several types of video amplifiers, the pulse output correspond- 
ing to a rectangular pulse input has a rise time tt related to the 
liigh frequency /" at which the power gain is down 3 decibels by 
the expression 


Tr 


0.35 

7 ^ 


(5-2) 


The rise time is defined as the time in seconds required for the 
pulse to rise from 0.1 to 0.9 of its final amplitude. 


5-2 VIDEO AMPLIFIERS 

A video amplifier is a circuit which is capable of amplifying video 
pulses without serious distortion. The amount of distortion whidi 
can be tolerated depends entirely on the purpose for which the am- 
plifier is to be used. This point will receive further attention below. 

It is evident that video amplifiers are of central importance in 
television and radar. The signals obtained from a televirioh cam- 
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era consist of very weak video pulses which must be amplified 
before they can be used to modulate the transmitter. The de- 
tected signals obtained from a radar or television receiver require 
amplification before they can be displayed on a cathode ray tube. 

A discussion of pulse circuits might more logically start with 
pulse generators than with pulse amplifiers. However, it is con- 
venient to reverse this order, since the fundamental principles of 
pulse circuits are more clearly brought out in connection with 
amplifiers, and many pulse generators contain video amplifiers. 


Gain-Bandwidth Product 


Most video amplifiers are of the resistance-capacitance type.^ 
Consider the stages shown in Fig. 6*4. Cs is composed of the 
output capacitance of Fi, the input capacitance of V 2 , and the 

stray capacitances of the wiring and 
sockets, all in parallel. At the high 
frequencies involved in the rapid rise 
and fall of video signals, the approx- 
imate equivalent circuit is as shown 
< y - / j in Fig. 5*6 (a), since the impedance of 
} Cc is negligible. If Bo Rl, the ratio 

of the voltage gain Ajr at high fre- 
quencies to the gain A at moderate 
frequencies (where the impedance of 
Cs is large compared to jBl) is 

4s \ (6.3) 

A 1 + 2wjfBLCs 




Fiq. 6'4 Schematic diagram 
illustrating resistance-capaci- 
tance coupling of two ampli- 
fier stages. 


where / is the frequency in cycles per 
second. Therefore the frequency f" at which the output power 
is down 3 decibels from the midband power, with a given input 

amplitude, is given by j 

— (5.4) 

^ 2tBlCs 

For a pentode, since ^ 22 x, in any practiced video amplifier. 


i^Bl 

Tp + Bl 


gmBL 


(6’5) 


’ F. E. Terman, Radio Enginemf Handbook, McGhaw-Hfil Bode Co., 1948, 
pp. 41Sff. 


150 



where r^, m, and gm are respectively the plate resistance, amplifica- 
tion factor, and grid plate transconductance. The product /"A, 
called the gainrhandwidth ^ 'product, is seen to be independent of 
Rl, and thus serves as a convenient figure of merit for a tube 
serving as a video amplifier since the minimum value of Cs is 
largely determined by the tube type. Values of the gain-band- 
width product for two important tube types are given in Table 
5-1. Reference to this table shows, for example, that a 6AC7 
stage with a voltage gain of 10 = 1100 ohms) cannot have a 
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generator 
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Fig. 5-6 Equivalent circuits for resistance-capacitance coupling, (a) High 
frequency equivalent circuit; (6) low frequency equivalent circuit. 


bandwidth exceeding 5.7 megacycles, unless compensating net- 
works are employed. 

Table 5'1 Characteristics of Tubes Suitable for Use in Video 

Amplifiers 


Tube 

Transconductance, 

Cs. 

Gain-Bandwidth 

Type 

Aiinhos 

Hfxi 

Product 

6AC7 

9000 

25 

67 

6AK5 

5000 

12 

66 


High Frequency Compensation 

The value of /" can be somewhat increased without decreasing 
the midfrequency gain by various schemes which compensate for 
the loss in high frequency gain due to the capacitance Cs- As a 
simple example, consider the case in which it is required to supply 
self-bias to Vi (Fig. 5-4) by means of a cathode resistor iZjc. If 
this resistor is not bypassed, the cathode degeneration will reduce 
the gain at all frequencies by the factor 1/(1 + If is 

* The Hgh frequency d-db point is practically equal to the 3-db bandwidth 
in a video amplifi^. A further discussion of the gain-bandwidth product 
will be found in Chapter 7. 
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small it is difficult to use a large enough bypass condenser to re- 
move the degeneration at very low frequencies. It can be shown 
(Problem 5-3) that A and Aff/A retain the values given by equa- 
tions 5 • 5 and 5 • 3 if the load resistor is increased to JR l(1 •+• Qm^K) 
and Rk is bypassed by a condenser Ck = (R l/Rk)(1 + gmRK)Cs* 
The incomplete removal of the degeneration obtained in this way 
thus allows a larger load resistor io be used without decrease in 

bandwidth, though of course with 
no increase in midfrequency gain. 

Shunt Peaking 

If a small inductance is placed 
in series with the load resistor of 
Fi, as in Fig. 5-6, the high fre- 
quency response can be (*onsiderably 
improved. Since the inductance is 
essentially in parallel with Cs it is 
spoken of as a shuntrpeaking coil. 
The impedance of the coil increases 
at high frequencies, thereby tending 
to compensate for the loss of gain 
due to the capacity Cs- If we again 
assume that Ri, and Rq^ Rl, we find that the ratio Ah! A 
has the value 



Fia. 6*6 Schematic diagram of 
the shunt-peaking method of 
high frequency compensation. 
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Rl + 


( 6 - 6 ) 


A Rjj 1 — u^LCs 4" J^RlCs 

Rationalization of this expression, and substitution of the quan- 
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(5-7) 

(5-8) 

(5-9) 



(5-10) 


(j) b? 

tan 0 = (to — 1) TO® — r 

«o 

where 4> is the phase angle. Values of the relative response and 
phase angle for various values of the parameter to are plotted in 
Figs. 5-7 and 6-8. 

For proper amplification of a pulse it is important that the 
amplitude response of the amplifier be constant to as high a fre- 



0.1 0.2 0.5 1.0 2.0 5.0 10.0 


Fig. 6 -7 Relative response of a shunt-peaked coupling network. The 3-db 
bandwidth is increased Approximately 80 per cent with m » 0.5. 


quency as possible. It is also important that the delay Ume of the 
amplifier remain reasonably constant to as high a frequency as 
possible, «nce distortion will result if the various colnponents of 
the pulse spectrum arrive at the output terminals at different times. 
The delay time is given by t = ^/w, so that for t to be constant 
it is necessary that ^ be proporticmal to w. An amplifier witii 
TO « 1 would not be satisfactory because of the h^ frequency 
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peak in gain and the deviation of the phase angle from linearity. 
The response of such an amplifier to a rectangular pulse input 
would be a pulse with considerable overshoot at its leading edge 
and imdershoot at its trailing edge. A value of m of about 0.6 
gives satisfactory results. 

Because of the importance of the phase response of an amplifier 
it is unsafe to judge a broadband amplifier by the flatness of its 
amplitude response, as is usually done with audio amplifiers. 



W/Wo 


Fig. 5*8 Phase angle of a shunt-peaked coupling network. With m =« 0.5 
the phase angle is nearly linear with frequency over the pass band of the 

network. 


Elaborate coupling networks can be devised which give a flat 
amplitude response over a very broad band, but accomplish this 
at the expense of very rapid high frequency cutoff accompanied 
by non-linear phase shift. Such an amplifier would be less satis- 
factory than one with a narrower amplitude response but better 
phase characteristics. In actual practice the best check on the 
high frequency response of a video amplifier is observation of the 
output produced by an input rectangular pulse. The input pulse 
should have rise and fall times short compared to the expected 
output. For simple coupling networks such as that shown in 
Fig. 5*6 a rhugh correlation between the output rise time and the 
3-decibel cutoff frequency, is given by equation 5*2. 

With m — 0.5 the S^ecibel frequency/^' is about 1.8 times the 
value with no compensation. Ihus a shunt peaked (m »» 0.6) 
6AC7 stage having a gain of 10 dbould have/^' ^ 10 megacydes. 




In some cases it may be desired, for pnlse-shaping or other 
purposes, to operate a video amplifier tube outside the region of 
signal amplitudes where its characteristics are approximately con- 
stant. When this is done the above treatment is not applicable. 
Thus, if a positive pulse is applied to the grid of a stage biased 
beyond cutoff, the leading edge of the output pulse will be steeper 
than the trailing edge if the load resistor exceeds a few hundred 
ohms. This is because the capacity Cs can be discharged through 
the low impedance of the tube during conduction more rapidly 
than it can be recharged through the load resistor. 

Further discussion of coupling networks which may be employed 
in video amplifiers to secure high frequency compensation can be 
found in several places.^ The simple shunt peaking scheme is 
sufficient for many applications. 

Other Methods of High Frequency Compensation 

Numerous methods of high frequency compensation have been 
employed. For example, the effect of the distributed capacity can 
be overcome to some extent by adding to it an equal negative 



Fio. 5*9 Schematic diagram of a feedback chain, omitting blocking con- 
densers and d-c feeds. 


capacitance. This neutralization procedure has been much em- 
ployed in the past in reducing the large input capacitance of 
triodes resulting from their grid plate capacity. H. L. Schultz of 
Yale University has shown that this type of compensation is useful 
with pulses supplied from a high impedance source such as an 

* F. £. Tennan, Radio Engineers* Handbook^ McGraw-Hill Book Co., 1943, 
pp. 418ff.f V. K. Zworykin and G. A. Morton, Tdemion^ John Wiley and 
Sons, Ino., 1940, pp. 405 ff.; H. £. Kallman, R. £. Spencer, and C. P. Singer, 
Proc. LR.E., S8, 169 (1945). 
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ionization chamber. The negative capacitance is furnished, in 
effect, by regenerative feedback; it is essential that the regenerative 
signal be supplied by a highly stable degenerative amplifier 
stage. 

Ferguson ® has discussed in some detail the use of feedback 
chains in broadband amplifiers. Figure 5 • 9 is a schematic diagram 
(omitting blocking condensers, and so forth) of such a circuit. 
Ferguson has investigated the response obtained with various 
types of terminations for the chain. 


Low Frequency Response 

The low frequency equivalent circuit of a simple video amplifier 
is given in Fig. 5*5 (6). Loss in gain occurs chiefly as a result of 
increase in the impedance of the coupling condenser Cc* It can 
be shown that 

(5.11) 

A 1 + 2vjfCcRo 


where ^ i, is the voltage gain, 
is down 3 decibels is 


/' = 


The frequency at which the power 


1 

2irCcRo 


(5-12) 


The method usually employed to secure adequate low frequency 
response is to use a large coupling condenser and a laige grid 
resistor. Thus if Cc = 0.1 microfarad and Rg = 500K, /' = 3 
cycles. 

If necessary, low frequency compensation can be obtained by 
means of the resistor-condenser combination shown in Fig. 5*10. 
At low frequencies the impedance of Ci increases, so that the 
effective load resistor also increases. Good compensation is se- 
cured when CiRl — CcRq and Ri ^ 10{CcRa/Ci), provided the 
impedance of the power supply is low. 

We saw above that the response of. an aihplifier to the high 
frequencies' tMntained in the leading and trailing edges of a pulse 
gives the most satisfactory indication of the merit of a video am- 
plifier at high fr^uendes. Conegpon<&:^, the low fiequmdes 

* A. J. FMgusoD, Can. J. Beuarch, ASi, 66 <1M6}. 
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in the flat top of a square wave are useful in checking the low fre- 
quency response. The frequency of the square wave should be of 
the order of the cutoff frequency of the amplifier; 60 cycles is a 
convenient frequency for many cases. The amount of drop in the 
top of the output square wave which can be tolerated depends on 
the use to be made of the amplifier. For a single stage, in the 
absence of compensation, the amplitude will drop to 1/e of its 
original value in CcRo seconds, provided the power supply has 
adequate regulation and there is no time constant of this order rf 
magnitude in the screen and 
cathode circuits. Overcom- 
pensation at low frequencies, 
or coupling between stages 
through the power supply im- 
pedance, or insufficient power 
supply regulation may cause 
the overall gain to rise more or 
less sharply at low frequencies; 
this is indicated by a rise in 
the top of the output square 
wave, at least during the first 
part of the cycle. Such a situ- 
ation may lead to a very low 
frequency oscillation called 
‘‘motorboating.^^ In order to 
reduce the likelihood of mo- 
torboating, which is particu- 
larly apt to occur with video 
amplifiers, the response should 
not extend to lower frequencies 
than necessary. 

If a screen-dropping resistor and bypass condenser are used, 
there will be a decrease in gain at low frequencies if the condenser 
is not large enough, because of the introduction of screen degen- 
eration. Another source of decrease in gain at low frequencies is 
the bypassing of the cathode resistor by a condenser if self-bias is 
used. Terman * discusses means for compensating for these de- 
generative effects. 

• F. E. Terman, Radio Engineers* Handbook, McGraw-Hill Book Co., 1943, 
pp; 418 ff. 



Fig. 6*10 Illustrating a method for 
low frequency compensation in an 
amplifier. Because of the increase of 
the impedance of Ci at low frequencies, 
the effective load impedance increases 
to counterbalance increase in the im- 
pedance of Cc. 
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Cascoded Stages 


If two stages having 3-decibel frequencies/' and/" are cascaded, 
the overall gain will be down 6 decibels at /' and /". Thus the 
bandwidth of the cascaded pair will be considerably less than that 
of the individual stages. The exact relation between the overall 
bandwidth and the number of cascaded stages depends on the 
type of amplitude response curve for the individual stages. For an 
amplifier made up of n stages, each one of which may be described 
by the equivalent circuits of Fig. 5-5, the low and high 3-decibel 
frequencies are given by 

/' 


/" 

5*3 VIDEO PULSE GENERATORS 

It will be convenient to divide the discussion of video pulse 
generators into two parts, the first concerned with the formation 
of low level pulses and the second, with that of high level pulses. 
Pulses with amplitudes in excess of a few hundred volts will 
arbitrarily be classed as high level pulses. 

The quality of the output from a pulse generator is of con- 
siderable importance. For some purposes, such as the modulation 
of a magnetron (Chapter 3), rather rigid pulse specifications must 
be laid down. In this particular application, since the magnetron 
can oscillate in unwanted modes at the wrong voltage, both the 
rise time ^ and the fall time need to be short, and the pulse top 
needs to be fairly flat; in addition no large oscillations should fol- 
low the pulse. In other applications the pulse specifications can 
be considerably less rigid. For example, a trigger pulse (that is, a 
pulse used for synchronising the operation of various circuits) is 
usually specified only in regard to the steepness of its leading edge 
and its amplitude, though in some cases its width, measured at, 

^ The rise tune customarily refers to the leading edge of a pulse regardless 
of the sign of the pulse. The modulation pulse applied to ^ ii^gnetron is 
usually negative, sinoe it Is convenient to have the magnetron anode at ground 
potential 


r 

V'2‘''’* — 1 

(5-13) 

= /" - 1 

(6-14) 
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say, half amplitude, is significant. In other words, a well-designed 
triggered circuit should not be sensitive to the shape of the trig- 
gering pulse. 

It should be noted that in general the output developed by a 
pulse generator is dependent on the characteristics of the load into 
which it works. Some loads, such as a magnetron, present an 
impedance which changes during the pulse interval. It is thus 
evident that a fully significant statement of the characteristics of 
the pulse output can be given only if the load is carefully defined. 


Low Level Pulse Generators 

A great variety of circuits have been developed for producing 
short pulses with amplitudes up to a few hundred volts. We will 
limit our discussion to four important types, namely blocking 
oscillators, multivibrators, gas tube circuits, and shaping circuits. 


(a) Blocking Oscillators, The circuit of a typical free-running 
blocking oscillator is shown in Fig. 5-11. There is very close re- 



generative coupling between the plate and grid by means of a 
pulse transformer (page 167); when oscillation starts the plate 
goes negative and the grid is driven positive, so that a considerable 
negative diarge develops on the condenser C as a result of ^d 
current. Thus, when the grid swings negative oh the second half 
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of the cycle, it goes far beyond cutoff and remains there until the 
charge on C leaks off through the resistor fi. This cycle of opera- 
tion is repeated when the grid finally starts to go above cutoff. 
The voltage waveforms characteristic of a blocking oscillator are 
shown in Fig. 5 • 12, the waveforms being numbered to correspond 
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Fig. 6*12 Typical waveforms obtained with a grid-coupled blocking oscil- 
lator. The waveforms were observed at the indicated points of Fig. 6-11 (a), 
with R * lOOiC, C = 0.01 ^tf, Ebb ** 300 v, a Utah X-124T-2 transformer, 
and one-half of a 6SN7 tube. The pulse widths are much exaggerated relative 
to the interpulse periods. 

to the indicated positions in the circuit of Fig. 5-11. (The volt- 
ages in the second and third curves are not drawn to the same 
scale as in the first. The circuit giving these voltages had B = 
IOOjRl, C « 0.01 microfarad, Ebb — +300 volts, and a Utah 
X-134T-2 pulse transformer was used, with one half of a 6SN7 
dual triode.) The output from the pulse transforms is simffar to 
the plate waveform, but reversed in phase if connected as shown. 

The repetition rate of the output pidses is determined hy the 
value of the time constant BC and the volt^ to which the re- 
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sistor R is returned. It is evident that there will be less ‘‘jitter^’ in 
the period of the operation if this resistor is returned to Ehb or 
some other positive voltage. The circuit can be easily synchro- 
nized with an external synchronizing voltage of slightly higher 
frequency, applied to the grid, or the plate, or by means of another 
winding on the pulse transformer. 

The stability of the frequency of a free-running blocking oscil- 
lator is improved by using cathode coupling instead of grid cou- 



Fig. 6-13 A typical biased blocking oscillator. An output pulse is obtained 
only when an input trigger is supplied. Pulses free from overshoot can be 
obtained by inserting a small resistor ( w lOOU) at A or B and using the volt- 
age developed across the resistor as the output. 

pling, as illustrated in Fig. 5-11 (6). The increase in stability 
results from the fact that the minimum plate-cathode potential is 
larger than in the grid-coupled case, so that fluctuations in the 
heater voltage have less effect. The plate winding should have 
about twice as many turns as the cathode winding to obtain proper 
impedance matching. 

For many purposes it is desired to have the blocking oscillator 
quiescent except when ‘‘fired’^ by an external trigger. This is 
accomplished by biasing the grid below cutoff. A typical biased 
blocking oscillator is shown in Fig. 6- 13, together with a convenient 
method of applying the trigger through a buffer amplifier. The 
output from the pulse transformer is similar to that #)tained with 
the circuit of Fig. 5*11. ' 

If a pulse without overshoot is desired, the blocking oscillator 
oqtput can be passed through a diode or applied to the grid of 
an appropriately biased tube. A very useful method of obtaining 
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a clean pulse from a very low impedance source is to use a current 
rather than a voltage pulse. If a small resistor (about 100 ohms) 
is inserted at position A in Fig. 5-13, a negative pulse without 
overshoot will be obtained at the connection between the resistor 
and the transformer; if a similar resistor is inserted at position B 
a clean positive pulse will be obtained. These pulses have very 
steep leading edges, with somewl^t sloping trailing edges. With 
the circuit of Fig. 5 ’13 they are about 1 microsecond wide and 



Fig. 5*14 A medium-power blocking oscillator employing an open-ended 
artificial transmission line for pulse shaping. 

about 50 volts high, the pulse at the cathode being somewhat the 
larger because of the contribution of grid current. It is interesting 
to observe that the magnitude of these pulses shows that the tube 
passes about half an ampere during the pulse. Because of this 
fact it is frequently advisable to insert a decoupling network, con- 
sisting of a resistor with a condenser to groimd, between the pulse 
transformer and the plate supply. 

The width of the pulse obtained from a blocking oscillator is 
determined mainly by the size of the blocking condenser, the 
pulse transformer, and the tube type. A 0.1-microsecond pulse 
can be obtained with C « 100 micromicrofarads, a Utah X-124T-2 
transformernand a 6AG7 video power pentode. The pulse width 
can be closely controlled if the blocking, condenser is replaced by 
an artificial transmission line used as a pulse-forming line 
(page 175). A circuit of this type is diown in Fig. 5*14. This 
particular circuit devdops a positive pulse of about l-micro- 
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second width and 1-kilovolt amplitude across a load of 2K imped- 
ance. A positive trigger, which must come from a low impedance 
source such as a cathode follower (page 298; the 6SN7 is here con- 
nected as a cathode follower), is fed through the capacity of the 
pulse line to one of the secondaries of the pulse transformer. This 
raises the grid of the 829 above cutoff and starts a regenerative 
process which rapidly drives the grid of the 829 positive. The flow 
of grid current charges the pulse line; after an interval equal to 
twice the delay time of the line the charging process is completed, 
the flow of grid current stops, and the grid potential drops. This 
process initiates a rapid regenerative cutting off of the 829 which 
is aided by the negative charge stored in the pulse line. This neg- 
ative charge leaks off through the 30K grid resistor between pulses. 

(b) Multivibrators, A triggered multivibrator is a convenient 
source of low level pulses of variable width. A discussion of this 
type of circuit is given in Section 10*3. The circuit illustrated in 
Fig. 10*10 can be employed for this purpose, the output being 
taken from either plate or either grid of V2, usually through a 
buffer amplifier. If pulses with very rapid rise and fall times are 
required, the circuit must be modified in accordance with the 
principles outlined in the preceding section. 

(c) Gas Tube Pulse Generators, The circuit of Fig. 5 • 15 uses 
a pulse-forming line to control the width of the pulse produced by 
a thyratrori. A positive trigger from a low impedance source ini- 
tiates the discharge of the pulse line through the low impedance 
of the thyratron into a resistor equal to the characteristic imped- 
ance of the line. When the pulse line is completely discharged 
the voltage across the thyratron falls below the extinction value. 
The amplitude of the pulse is approximately half the voltage to 
which the line is initially charged. The resistor R must be small 
enough so that the line is practically fully charged between pulses, 
but large enough so that the current flowing through it during the 
pulse is small compared to the pulse current. 

A very useful pulse generator giving pulses of variable width 
and steep leading and trailing edges is shown in Fig. 5* 16« This 
circuit was developed by G. D. Forbes of the Radiation Labora- 
tory. Both thyratrons are normally non-oonducting. When a 
positive trigger is applied to the grid of Fj the potential of the 
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Fig, 5*16 Gas tube circuit for generating video pulses with ste^ edges and 
variable width fForbes). 

\64 


grid of the cathode follower Vz is rapidly raised since Vi has a very 
low impedance once the gas discharge has started. Within a short 
time the plate of Vi becomes so close in potential to the cathode 
that the discharge is extinguished. The charge on the 0.0001- 
microfarad condenser leaks off slowly through the 1-megohm 
resistor, so that the potential of the grid of Vz remains almost 
constant during the pulse. The feedback frtan the output through 
the lOif resistor gradually raises the potential of the grid of V 2 
until, at a time determined by the bias of the shield grid, this tube 
fires and very rapidly discharges the 0.0001-microfarad condenser. 
Vz is self-extinguishing just as is Vi, The 1-megohm variable 
resistor in the plate circuit of Fi must be adjusted when the repeti- 
tion frequency is changed. As indicated, the cathode of Vz can be 
coupled directly to the grids of one or more 6L6’s in parallel serv- 
ing as output cathode followers. By using several tubes in parallel 
one can obtain pulses of considerable amplitude across a properly 
terminated 75-ohm video cable (see page 300). 

(d) Shaping Circuits. A pulse waveform can be developed from 
a sine wave by the circuits of Fig. 5*17 and 5*18. The sine wave 





Fig. 6*17 Twcnstage ''squaring'' amplifier for converting a sine wave into a 
square wave. The sharp cutoff triodes are driven to grid current on the 
positive half-cycles of their respective signals, and to cutoff on the negative 

half-cycles. 

is first squared by a squaring amplifier (Fig. 5*17), which consists 
of two or more sl^rp cutoff triode stages which are driven to grid 
curr^t on the positive half-cycles of their respective grid signals 
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and to cutoff on the negative half-cycles. The amplitude of the 
sine wave should be several times the cutoff voltage, and the time 
constants RC several times the period of the sine wave. The 
square wave thus produced will be more or less asymmetrical, 
chiefly because of the bias developed by the grid current 
drawn by the first grid; the asymmetry can be somewhat 
controlled by placing resistors h\ series with the grids to limit 
grid current. 

The square wave is converted to alternate positive and negative 
pulses by “differentiation. The differentiating circuit is a high 



lEcc Output 

Fig. 6 *18 Short time constant coupling between two amplifier stages for 
differentiating a square wave. 

pass filter composed of a C-R combination with a short time con- 
stant, and is usually employed as the coupling between two am- 
plifier stages (Fig. 6*18). If the square wave has very steep lead- 
ing and trailing edges, and if is large compared to the load re- 
sistor of the preceding tube, the voltage developed across R at the 
rise or fall of the square wave will be practically equal to the 
amplitude of the square wave, since the condenser has a very low 
impedance for the high frequencies contained in the steep edge. 
The output will drop to 1/e of its initial value in CR seconds; thus 
with C 60 microfarads and R = lOOif, the output pulses will 
have a width of the order of 6 microseconds. It should be observed 
that such a short time constant as this oan be profitably employed 
pnly if the square wave is siipplied by an amplifier stage having 
good high frequency response. The second tube in Fig. 5 * 18 may 
be a triode or pent^e biased beyond cutoff, so that only the pom- 
tive pulses will be ami^ed. In place of this axrar^apf^ent; the 
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second tube can be a gas tube such as an 884 or a 2050 ; a large plate 
resistor shunted by a small capacitor to ground and a small cathode 
resistor across which the output is developed complete the 
circuit. 

Differentiation may also be accomplished by means of a pulse 
transformer, since such transformers have good high frequency 
but poor low frequency response. The circuit of Fig. 5*19 illus- 
trates a pulse transformer serving as both differentiator and block- 
ing oscillator transformer. 

It is obvious that video amplifier stages can be employed for 
further shaping of pulses. One of the most satisfactory ways for 
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Fig. 5*19 Illustrating a pulse transformer serving as both a high pass coup- 
ling for differentiation and a blocking oscillator transformer. 

producing a flat-topped positive pulse with steep edges is to drive 
the grid of a well-designed normally “on” video stage to cutoff by 
means of a relatively large negative pulse. This method involves 
a large current drain on the power supply if a sizable output pulse 
is desired; this difficulty can in some cases be avoided at the ex- 
pense of additional circuit complication by appropriate pulsing of 
the power supply. 

High Level Pulse Generators 

Our discussion of pulse generators of types which can produce 
pulses with funplitudes up to 60 kilovolts, and peak pulse powers 
up to 10 megawatts, will coni^t essentially of a discussion of some 



of the important types of circuits ® developed for producing the 
modulation pulses applied to microwave radar transmitters. 
Since such circuits cannot in general be described without reference 
to the load into which they work, in most of our discussion we will 



Fig. 5*20 Basic circuit of the hard tube typo of high level pulse generator. 


consider the load to be an appropriate microwave magnetron 
(Chapter 3). Such oscillators, together with their filament trans- 
formers, constitute a load having roughly the characteristics of a 
capacitance to ground of the order of 100 micromicrofarads. 



Fig. 6*21 Basic circuit of the line type of high level pulse generator. 

shimted by a very high resistance except when the pulse amplitude 
is within about 10 per cent of operating voltage, in which case the 
shunt resistance drops rapidly with increasing pulse amplitude to a 
value of 500 to 1250 ohms, depending on the magnetrmi. 

* Discussions of these circuits have been given by A. A. Jerrems and E. R. 
Kravitz, '^Modulator Text,’’ Radiation Laboratory Report T-15, Dec. 1943; 
and G. N. Olasoe and H. J. White in ‘^General Lecture Series on, Radar Com- 
ponents,” Radiation laboratory Report T-18, Dec. 1944. A detailed treat- 
ment win be found in the BadMim Ld6ofa<ory Teckriicd Seri^, publiidied by 
MoGraw-Hill Book Co. 
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High level pulse generators can be divided into two basic tjrpes, 
the hard tvbe and the line types. These names are derived from 
the fact that the former type employs high vacuum tubes as 
switches, whereas the latter is characterized by the use of a pulse- 
forming line for storing the pulse energy between pulses. Fig- 
ures 6*20 and 5-21 show the fundamental circuits of these two 
types. In the hard tube generator energy from the charging cir- 
cuit is stored in the condenser. When the switch is closed energy 
flows from the condenser into the load until the switch is opened 
again. To produce across the load a flat-topped voltage pulse 
with fast rise and fall times it is necessary that (a) the switch close 
and open rapidly and (6) the condenser be large enough so that the 
voltage across it does not decrease appreciably during the pulse. 
In the line-type generator, energy is stored in the capacity of the 
open-ended artificial transmission line*. It is a property of such a 
line that when the switch is closed the line develops across a 
matched load a voltage pulse equal in amplitude to one-half the 
original voltage impressed on the line and of duration determined 
by the effective electrical length of the line. At the end of the 
pulse the voltage on the line, and therefore on the load, goes rapidly 
to zero. There is thus no need for the switch to reopen rapidly in 
this type of generator. 

Hard Tube Modulators 

It is to be noted that the hard tube type of generator is essen- 
tially a rather highly glorified video amplifier; therefore the prin- 
ciples discussed earlier in this chapter apply. However, in most 
cases, the output tube, or switch tube, is driven from below cutoff 
into the region where heavy grid current is drawn. Thus the 
switch tube behaves as an essentially infinite impedance between 
pulses and as a resistance of a few hundred ohms or less diuring 
each pulse. 

Figure 5-22 gives the circuit of a typical medium power hard 
tube modulator. It is permissible here to use a large resistor in 
the plate circuit because during the pulse this resistor is shxmted 
by the low resistance of the switdh tube. In order for the top of 
the pulse applied to the magnetron to be reasonably flat the con- 
denser C murt be large enou^ so that the voltage across it does 
not decrease aiqpreciably during the flow of the ptdse current Ip. 
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If Ru is the magnetron impedance during the pulse and Bi is the 
internal resistance of tiie switch tube, the pulse current is given by 


Vc ^dVc 

Ri -|- Rit dt 


(6-16) 


where Vc is the initial voltage across the condenser. Since the 
pulse is very short we can replace dVc by AVc, the change in Vc 



duiii^ the pulse, and dt by t, the pulse width, 
then becomes 

AVc _ r 
~v7 “ C(Ri + Rm) 


Equation 5-15 
(6- 16) 


We may take as typical values t = 10~* second, Ri = Rjf — IK. 
In order for AVc/Vc not to exceed 0.02, C must be at least 0.06 
microfarad. If C is to serve also as a filter condenser, as it some- 
times does, it will have to be considerably larger. 

If there is no inductance in the circuit (Ld shorted out) tlie 
voltage on the magnetron will decay wii^ a time constant deter- 
mined by the value of .R and Rd in parallel and Cs, where Cs ia the 
^ray capadty. Ihe decay of the ptdse can be considerably 
q)eeded up by adding the inductance I<z> bo that the ccanbinatipn 
£< 0 , Rb, end Cs forms an approxinnitdy eiitieally damped resonant 
circuit with a resonant pj^iod cd the order of the-pid^ nddth. bn 
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some modulators, Rd = 0, and the oscillations of the Ld^s 
circuit are damped by means of a diode with grounded cathode in 
parallel with the magnetron. 

The switch tube of a hard tube modulator requires a large 
positive pulse on its grid. In low power circuits a positive pulse 
may be obtained from an “on^’ tube, but obviously in the present 
application the power loss in such a tube would be prohibitive. In 
order to avoid this difficulty, the grid signal may be supplied from 
an driver stage through a pulse transformer connected to 



Fig. 6*23 Illustrating the use of a pulse transformer for matching a hard 
tube switch to a low impedance cable. 

reverse the sign of the driver output pulse. For example, the 
switch tube in Fig. 5 • 22 can be driven by the blocking oscillator 
of Fig. 6 • 14. 

In some applications it is important to have the magnetron 
located at some distance from the modulator. This can be accom- 
plished by the use of a coaxial cable to transmit the pulse from 
the modulator to the oscillator, together with suitable pulse trans- 
formers to match the switch tube to the cable and the cable to the 
magnetron, as illustrated in Fig. 5-23. 

Line Modulators 

Three important types of switches • are used in line modulators, 
namdy rotary eqpark giaps, enclosed stationary spark gaps (some- 
times called trigatrons), and gas tubes such as hydrogen thyra- 

* F. S. GCueh^, J. E. Haynes, W. A. Depp and E. J. Eyder, B^tem 
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trons. The function of these switches is to connect one side of 
a charged pulse-forming line to ground through a low impedance 
path at specified intervals, 

(a) Rotary Spark Gap, One type of rotary spark gap con- 
sists of a set of tungsten electrodes mounted on a rotating insulat- 
ing disk in such a way that theyt pass close to a high potential 



Fia. 6*24 A rotary spark gap with drive motor. 


tungsten electrode connected to one side of the pulse line and a 
grounded tungsten electrode (see Fig. 5-24). A spark jumps from 
the high potential electrode to one of the electrodes on the disk, 
and from this disk electrode to the grounded electrode, thereby 
providing for a brief period a low impedance path from the line to 
groxmd* This type of switch can carry high currents and is there- 
fore particularly useful with high power ground and ship radars. 
The rotary gap obviously cannot be triggered externally, so that 
a trigger must be taken from the modulator itself, usually from a 
winding on the pulse transformer coupling the pulse cable to the 
magnetrmi, for synchronizing indicators and others equipment 
with the modulator; that is, self-synchronous operation mtist be 
employed. Fur soxpe appHeatiohs this limitation^ «md the fact 


that there is considerable jitter in the interpulse spacing, amount^ 
ing to something like ^30 microseconds, preclude the use of rotary 
gap modulators. The pulse repetition frequency is the product of 
the speed of the motor which rotates the insulating disk and the 
number of rotating electrodes, and is therefore limited to values 
below about 800 pulses per second. 

(b) Stationary Spark Gap, The most important form of trig- 
atron is the so-called series gap, the name arising from the fact 
that two or more gaps in series must be used. Each gap consists 
of an anode rod surrounded by a cylindrical cathode, enclosed in a 
gaseous mixture such as hydrogen and argon at a pressure in the 
neighborhood of 1 atmosphere. Firing of the gaps is achieved by 
overvolting one or more of the gaps by a large external trigger; 
breakdown of the triggered gap or gaps applies the full pulse line 
voltage to the remainder of the gaps and causes them to break 
down also. Series gaps can be triggered with considerable accu- 
racy, the lag of the modulator pulse after the trigger being constant 
within a very small fraction of a microsecond. 

(c) Hydrogen Thyratron, The hydrogen thyratron finds impor- 
tant application in medium power modulators. It is a triode con- 
taining hydrogen gas, and it is characterized by a high peak current 
and a low tube drop. It is fired by a positive trigger of the order 
of 100 volts, and is well suited to applications requiring great 
accuracy of triggering. As is true of all thyratrons, once the gas 
discharge has been started by a positive trigger, the grid has no 
further control until the discharge is quenched by other means. 
In modulators employing hydrogen thyratrons, the discharge is 
quenched when the plate voltage drops nearly to zero after the 
pulse-forming line has been fully discharged. Hydrogen thyra- 
trons have been employed for developing the large trigger required 
for the series gap type of switch. Figure 6-26 is the schematic 
diagram of a hydrogen thyratron modulator giving a 180-kilowatt 
output pulse 1 microsecond long. 

A soft tube switch such as the hydrogen thyratron differs from 
the other types commonly used with line modulators in that it 
can conduct current in one direction only. Thus if any situation 
arises which places a negative charge on the pulse-forming network 
after the pulse is finidied^ the charge cannot be taken off by the 
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Fig. 5 • 25 Circuit diagram of a medium power hydrogen thyratron modulator. 


thyratron, and it will leak oS slowly because of the high impedance 
reflected through the pulse transformer by the non-oscillating 
magnetron. The pulse line will then be charged to a higher poten- 
tial difference in the following interpulse period, and breakdown 
may occur. A negative charge will be left on the pulse-forming 
line if the reflected impedance during the pulse falls below the 
characteristic impedance of the line, as may happen if sparking 
occurs in the magnetron. The bleeder diode shoAvn in Fig. 5*25 
serves to remove this negative charge rapidly. 

(d) Puhe-Forming Lines. The heart of a line-type modulator 
is the pulse-forming line, which is an artificial transmission line 
open-circuited at one end. We will show in a qualitative way how 
an actual transmission line can be employed to form a pulse and 
will then trace briefly the development of the important types of 
artificial transmission lines in use at present for high level pulse 
generation. For the sake of simplicity we will assume the trans- 
mission line to be lossless, so that its characteristic impedance Zq 
and delay time r, are given by (Chapter 2) 

(5-17) 

T = iVlC (5-18) 

where L and C are the distributed inductance and capacitance per 
unit length, and I is the length of the line. Since the delay time is 
independent of frequency, it is evident that a complex pattern of 
frequencies, such as that contained in a rectangular pulse, will 
travd down the line with no disturbance of its phase relations and 
therefore with no distortion. 

From the discussion of transmission lines given in Chapter 2, 
it can be seen that the incident and reflected signals observed at 
the open-circuited end of a transmission line have voltages which 
are in phase but currents which are reversed in phase. Thus a 
rectan^ar voltage pulse traveling in one direction on a line has 
associated with it a current which is equal and opposite to the cur- 
rent associated with an equal voltage pulse of the same sign travel- 
ing in the opposite direction. When two such pulses of voltage V 
and duration corresponding to a length I of the line meet, their 
voltages add but their currents cancel, so that at the instant of 
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perfect overlap there is in effect an electrostatic charge of voltage 
2V on a section of line of length L If a rectangular pulse, of volt- 
age V and width 2i, is impressed on an open-circuited line, Fig. 
6-26 (a), at the instant of half reflection, Fig. 6*26 (c), the pulse 



Fio. 5*26 Schematic representation 
of the reflection of a voltage pulse 
from the open end of a transmission 
Une. At the instant of half reflection 
there is in effect an electrostatic 
charge on the end portion of the line. 


width will be Z, the pulse volt- 
age 21^, and the pulse current 
isero. If the line were suddenly 
cut at the left edge of the pulse, 
the electrostatic charge would 
remain on the line. If, at a later 
time, the removed section of line 
were replaced by a resistive load 
equal to the characteristic im- 
pedance of the line, a pulse of 
amplitude V, current V/Zq, and 
duration 2l/vp seconds would 
appear across the load, Vp being 
the phase velocity of trans- 
mission along the line. At the 
end of this time the transmission 
line would be completely dis- 
charged, all the energy pre- 
viously stored in the line as elec- 
trostatic charge having been 
transferred to the load and 
dissipated therein. 

This phenomenon is applied 
in line pulsers. One of the types 
of switches mentioned above is 
employed to place across a 
charged open-circuited trans- 


mission line a load having an impedance as nearly as possible 
equal to the characteristic impedance of the line. 


(e) Artificial Transmission Lines, Since the pulse duration in 
seconds is given by 21 /vp, and since for ordinary parallel wire and 
coaxial lines % is very nearly equal to (3 X 10®)/ Vx meters per 
second, K being the dielectric constant of the dielectric material 
used in the Une, it is evident that to form a l-microsecpnd pulse 
an airHlidectric Une 160 meters long would have to be used. To 
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avoid such impractical lengths, artificial transmission lines having 
lumped rather than distributed inductance and capacitance have 
been developed. 

Transmission lines can be simulated by low pass filters made up 
of simple T- or 7r-sections of the types illustrated in Fig. 5-27; the 
degree of simulation becomes better the larger the number of sec- 
tions used. However, it turns out that no matter how many 





T - sections ir - sections 


Fig. 5*27 Simple low pass filters which mpy be used for simulating trans- 
mission lines. 


sections are employed, the output pulse has a rippled top with the 
number of ripples corresponding to the number of sections; the 
initial overshoot is equal to about 18 per cent for a filter containing 
a large number of sections. These irregularities in the pulse top 
may be of no consequence if the pulse undergoes further shaping 
as in a hard tube modulator, but if the pulse is applied either di- 
rectly or through a pulse transformer to a magnetron, unwanted 
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Fig. 5*28 The type E pulse-forming line. 


oscillations of the magnetron may result. Considerable attention 
has therefore been given to the problem of obtaining as good pulse 
form as possible from a practically r^lizable artificial line. De- 
tailed analysis of the problem, chiefly by Guillemin, has led to the 
devdcpoadnt of several types of lines. One of the most widely 
used of these is the type E line illustrated in Fig. 5 * 28. The design 
equations for a type E network are 

E. A. Guifieiniii, Labcsratory Report 69^ March 1945. 
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T = 2ny/LC 
I 

- = 1.33 
d 

Lc 

— * 1.1 to 1.2 
L 


(6-19) 


where n is the number of sections, I is the length of coil per section, 
d is the diameter of the coil, and L and C are the inductance and 
capacitance per section. The last two equations are empiiical. 
The value of n ranges from 1 to 3 for 0.1-microsecond pulses up to 
4 to 7 for 5-microsecond pulses. A five-section line for r = 1 
microsecond, working into a resistive load, gives a pulse which is 
very nearly flat on top and has a rise time of the order of 0.1 to 
0.2 microsecond. 


(/) Charging the PvlBe’-Forming Line, It is evident from equa- 
tions 5-19 that 



for a type E line. The capacity nC must be charged to twice the 
desired pulse voltage in the period between pulses from a suitable 
power supply. Two types of charging are in general use, one of 
which employs a d-c supply while the other employs an a-c source. 

D-C Charging, In various low power applications such as 
sweep circuits (cf . Chapter 6) condensers are commonly recharged 
through series resistances. This practice is not employed with 
high power modulators, since half the energy supplied from the 
source is necessarily lost in the resistor. The tracer of charge 
can be accomplished with very low losses if one employs a series 
inductance lor isolating the line from the supply during the pulse. 
Qualitatively one may say that the inductance serves as a low 
impedance to the low frequencies contained in the gradual charge 
ing of the line during the interpulse period of hundreds or thousands 
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of microseconds, but as a high impedance to the high frequencies 
contained in the short output pulse. 

The fundamental d-c charging circuit is represented in Fig. 5 ‘29, 
Suppose a charge q is taken from the battery; if the losses in the 
Inductance are negligible and if it is assumed that the energy 
stored in the inductance is the same be- 
fore and after the charge transfer, one has 
q = CF, where F is the increase in the 
voltage across the condenser. The energy 
lost from the battery is qV^ and that gained 
by the condenser is Equating these 

quantities shows that F = 2Fa. In actual 
practice factors in the range 1,85 to 1.95 are 
obtained because of circuit losses. It is 
important to note that this voltage .-^tep- 
up is obtained regardless of the size of 
L, provided there is no net loss or gain of energy in L during the 
charging period. This situation is realized in two important ways. 
In d-c resonant charging^ the value of L is chosen so that the series 
resonant circuit composed of L and C has a frequency /equal to 
one-half the pulse repetition frequency /r.* 

1 fT 1 

In this case, the voltage across the condenser (or line) and the 
current through the inductor have the forms shown in Fig. 5-30. 






I. 


Fio. 5 • 29 Fundamental 
circuit for d-c charging 
of the capacity of a 
pulse-forming line. 



Fio. 5*30 Waveforms in d-c resonant charging of a pulse-forming line. 

It is seen that the current is zero at the start and finish of the 
chaining period. In drc constant currefU (Urging, on the other 
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hand, the inductance L is four times or more larger than the 
resonant charging value, so that the current through it cannot 
change much, and thus the energy stored in the inductor is prac- 
tically constant. After the steady state has been reached the 
voltage and current have the forms shown in Fig. 6-31. 

There are certain advantages inherent in each of these types of 
d-c charging. The resonant method is usually employed with 
rotating spark gap modulators because the voltage across the line 
is relatively constant for a short interval in the neighborhood of 
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Fig. 5-31 Waveforms in d-c constant current charging of a pulse-forming 

line. 

the discharge time, so that the variations in the pulse amplitude 
arising from the jitter in the firing of the spark gap are minimized. 
The constant current method has the advantage that the repeti- 
tion frequency can be varied over wide limits without changing the 
value of L, and is somewhat more efficient since the large value of 
L reduces the magnitudes of the alternating currents flowing in 
the inductance. Constant current charging is suitable only for use 
with accurately triggered switches such as the hydrogen thyratron. 

A-C Charging. It is possible to eliminate the d-c power supply 
needed in d-c charging, and to charge the pulse line directly from 
a step-up transformer through a series inductance. This induct- 
ance can be built into the transformer as leakage inductance. In 
a-c charging the recurrence frequency must be an integral multiple 
or submultiple of the supply frequency, and in most cases is equal 
to the latter frequency. The necessary a-c is usually obtained 
from a motor^riven generator, vnih the rotating member of the 
spark gap mounted on the same shaft to maintain the proper rela-* 
tion between tiie supply and recurrence frequ^cies. 

ISO 




The commonest form of a-c charging is o-c resonant charging, 
in which the value of L (Fig. 6 -32) is chosen to resonate with C 
^ at the supply frequency. In this case 

the impressed voltage must be phased 
so that it is zero at the instant the line 
i-C is discharged. It can be shown that the 
condenser recharges in exactly one cycle 
to a voltage t times the peak impressed 
Fig. 5 '32 Fundamental voltage, if circuit losses are neglected. 

circuit for a-c charging o ’Waveforms for a-c resonant charging 
the capacity of a pulse- • t?- k oo ^ xu % 

forming line. shown m Fig. 5*33 for the case of 

no circuit losses. In actual cases the 

condenser voltage reaches 90 to 95 per cent of the theoretical value. 

Another case which has some application is one in which the 
value of L is about one-half that required for the resonant case, 


■'t 



Fig. 5-33 Waveforms for a-o resonant charging of a pulse-forming line. 

and the JX! circuit has a resonant frequency about 1.4 times the 
impressed frequency. The step*up ratio is 3.66 instead of t, and 
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the condenser is discharged at a point close to the maximum of the 
impressed voltage. 

The efficiency realisable with a-c charging is of the same order 
as that obtained with d-c charging. The a-c case requires consider- 
ably simpler equipment in that rectifier tubes and filter circuits 
are eliminated; on the other hand the d-c method gives a more 
flexible arrangement so far as variations of repetition frequency 
and other parameters are concerned. 


5-4 VIDEO PULSE DELAY CIRCUITS 

Certain applications of pulse circuits involve methods for delay- 
ing pulsed signals by more or less accurately controllable periods 
from less than a microsecond up to thousands of microseconds. 
For example, in cases where it is desired to view on a cathode ray 
tube indicator a transient pulse which must itself be used to trigger 
the indicator sweep, the pulse must be delayed a few microseconds 
before it is applied to the indicator deflection plates in order to 
allow time for the sweep to get started. 

Delay devices may be classified according to whether they do 
or do not preserve the input signal waveform. We will consider 
first three types of circuits which do not preserve waveform and 
are therefore useful only for delaying trigger pulses. We will then 
conclude this section with a brief discussion of delay devices which 
preserve waveform and may therefore be used with video signals as 
well as with triggers. 

Delay Multivibrators 

A wide variety of delay circuits which are essentially triggered 
multivibrators (see Section 10 • 3) have been devised. In particu- 
lar, the circuit of Fig. 10 • 10 can be used for this purpose. In order 
to develop a delayed positive trigger output, the signal on the 
first plate of V 2 is differentiated, and the resulting positive pulse 
is amplified by a tube biased to cutoff, or the differentiation and 
amplification can be accomplished by a blocking oscillator (cf. 
page 167). The delay can be varied from a few microseconds to a 
few milliseconds by proper choice of C and S; in the case of long 
delays R should be connected to a pomtiye voltage +300 
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volts) instead of to ground in order to reduce jitter. If the delay 
is to occupy more than about 0.7 of the interpulse period, a circuit 
similar to that of Fig, 10-11 should be used. 

Sawtooth Delay Circuits 

A triggered sawtooth generator (Section 5.5) is a device which 
gives a voltage starting at a fixed value at the time of each trigger 



Fig. 5*34 Schematic diai 5 ram of a simple sawtooth delay circuit. 

and varying linearly with the time for a more or less extended 
period thereafter. Such a sawtooth voltage can be used as the 
basis for a variable trigger delay if provision is included for de- 
veloping an output trigger each time the sawtooth voltage reaches 
a predetermined value. In the circuit of Fig. 5-34, for example, 
the bias on the first tube can be varied by means of the cathode 
resistor R. When the sawtooth wave reaches the cutoff potential 
of the tube, the tube starts to conduct and thus triggers the block- 
ing oscillator. The circuit of Fig. 5-35 illustrates another method 
of sampling the sawtooth voltage. This method is to be preferred 
when a precision delay is required. When the sawtooth voltage 
reaches .the diode bias voltage, deterniined by the setting of the 
potentiometer i2, the diode starts to conduct. A high gain pentode 
(such as 6AP7) amplifies the resulting positive-going signal to form 
a steeply falling wavefront suitable for accurate triggering of a 
blocking oscillatot. If the highly linear sawtooth produced by a 
circuit like that shown in Fig. 5-41 is used, and 12 is a precision 
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potentiometer, the delay time can be made proportional to the 
potentiometer setting within as little as ±0.1 per cent of the 
maximum delay time. This t3rpe of delay constitutes one of the 



Fig. 5*36 Pick-off diode and output circuit which may be used to obtain a 
linear delay with the sawtooth voltage developed by the circuit of Fig. 6*41. 

most accurately linear delay systems developed for precision 
range measurements in radar applications. 


Phase Shift Delay Circuit 


It is evident that the trigger pulses developed from a sine wave 
by squaring and differentiation come at times dependent on the 



Fig. 5*36 Block diagram of a phase shift delay system. 


phase as well as the frequency. A system for producing a train of 
pulses which can be continuoualy delayed or advanc^ in time 
relative to anotiber train of pulses is outlined in the blodk diagram 
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of Fig. d’36. it considerable care is taken in the design of the 
squaring and differentiating stages it is possible to obtain triggers 




Fia. 6 ‘37 Arrangement for obtaining a continuously variable phase for use 
in the delay system of Fig. 5*36. 

with very little variation in the ptilse period. Figure 5 * 37 illustrates 
a circuit for producing a sine wave of continuously variable phase. 


Electrical Delay Lines 

A Jossless transmission line (page 175) has a delay time r = 
1\/LC. With ordinary coaxial lines long lengths are required to 
give delays of a few microseconds. As shown above, a transmis- 
sion line may be simulated by lumped inductances and capaci- 
tances but, to obtain delays of several microseconds with reason- 
able freedom from distortion, the line would have to be composed 
of a large number of sections. Lumped parameter delay lines may, 
however, be used for delaying trigger pulses for a few microseconds. 

Delay lines of relatively large electrical length per unit physi- 
cal length can be obtained by increasing L and C; for example, a 
coaxial cable, in which the inner conductor is a tightly wound 
helix and the outer conductor is a closely fitting braid of insulated 
wire, can give a delay time of the order of 1 microsecond per foot. 
Such a Kne can be used as a variable delay if a small movable pick- 
up coil is wound aroimd the outer conductor. Delay lines of this 
general type, having characteristic impedances of about IK^ are 

^ J>, F. Weekes, Badiation Lid>Qratory Beport 302, April 1948; H. £. Kall- 
msamf Badiation Laboratoty Beport 550, June 1944; J. P. Blewett and J. H. 
Bubel, Proc. LB.K, 35, 1580 (1947)« 
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commercially available. Unfortunately, this type of line is char- 
acterized by rather high attenuation, and it is difficult to get 
effective bandwidths in excess of a few megacycles. 

Other Delay Systems 

Video signals can be delayed for periods up to several millisec- 
onds with a high degree of fidelity by making use of the relatively 
slow velocity of sound waves in liquid media. For example, a 
10- or 16-megacycle oscillator can be modulated by the video 
signals, and the modulated output used to drive a quartz crystal 
immersed in mercury. The ultrasoiuc waves thus excited in the 
mercury can be received by a second crystal, and the video modula- 
tion detected after suitable amplification of the modulated carrier. 
The velocity of ultrasonic waves in mercury at ordinary tempera- 
tures is such that a delay time of approximately 200 microseconds 
per foot is obtained. This type of video delay system is obviously 
rather complicated, but it has nevertheless found practical applica- 
tion in a successful system for removing permanent land echoes 
from the video output of radars (see page 359). 

Brief mention may be made of the promising use of so-called 
storage tubes for obtaining long delays of video signals. It is 
found that, if the electron beam of a cathode ray tube with a plain 
glass face is intensity-modulated while the beam is caused to scan 
the glass surface, a pattern of charges is left on the glass. If at a 
later time the surface is again scanned with a constant intensity 
beam, the varying charge pattern is replaced by a uniform pattern; 
during this process impulses may be obtained from a thin metallic 
electrode covering the external surface of the tube face which, 
after amplification, give a reproduction of the intensity modula- 
tion initially impressed on the electron beam. 


5-5 VIDEO PULSE TIMING 

The measurement of the time interval between two pulses is an 
operation of condderable importance. The determination of the 

^ Detailed discussion of ultrasonic and storage tube delay systems will be 
found in the Radiation Laboratory Technical Seriea, publish^ by McGraw- 
Hill Book Co. 



distance of an object from a radar set depends on measuring the 
time interval between the modulator pulse, which simultaneously 
initiates the transmission of the radar pulse and the radar indicator 
sweeps, and the echo pulse presented on the indicators. Similarly, 
a precise method for the determination of the velocity of propaga- 
tion of ultrasonic waves in a liquid or solid medium depends on 
video pulse timing. A practical system of radio communication is 
based on modulation of the time spacing of two or more pulses 
according to the intelligence to be transmitted. 

In making measurements of pulse timing a linear time scale 
must be established. In general, such a scale is composed of accu- 
rately spaced pulses, which may be called range marks from their 
application in radar, and a linear time base for interpolation be- 
tween range marks. The simplest procedure is to present both the 
pulse whose time is to be measured and a series of synchronized 
range marks on an appropriately synchronized cathode ray tube 
indicator (Chapter 6). If the indicator sweep speed is sufficiently 
constant, direct interpolation can be accomplished by simple 
measurement of lengths. Or an auxiliary pulse whose position is 
controlled by a linear delay circuit (Section 5 ‘3) may be presented 
on the indicator and used for interpolation. Obviously the design 
of such a timing system involves many parameters — orange mark 
spacing, sweep speed, and others — ^which must be carefully chosen 
to secure the best results. In very precise work attention must be 
given to equalizing or cancelling delays occurring in amplifiers and 
other circuits, and pulse shapes must be controlled, particularly 
with respect to steepness of leading edges, to enable valid position 
comparisons to be made. 

A wide variety of timing schemes has been developed for spe- 
cialized piuposes. For example, some applications, such as the 
pulse time modulation system of communication (Chapter 12) and 
automatic radar ranging systems, obviously cannot use any scheme 
involving manual manipulations. 

Range Marks 

Range marks of medium stability and accuracy are produced 
by peaking the output from a shock-excited resonant circuit. 
Kgure 6-38 illustrates such a circuit employing positive feedback 
to maintain the amplitude of the oscillations. When a negative 
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UBclamping gate (page 307) with steep leading edge is applied to 
the first triode, the decay of current in the inductance sets up 
oscillations. The oscillations are rapidly damped out, in spite of 
the regeneration, when the triode is returned to the conducting 
region. The frequency of the oscillations can be set equal to the 
frequency of accurate range marks from a crystal-controlled 
source (see below) by tuning the inductance. Obviously the range 



Fig. 5 *38 Circuit diagram of a shock-excited oscillator, and representative 

waveforms. 


marks from the shock-excited circuit are tightly synchronized 
with the trigger, initiating the formation of the unclamping gate. 

Range marks of considerably greater accuracy but still syn- 
chronized with a trigger pulse can be derived from the output of a 
pulsed crystal-controlled oscillator.^* A more usual method for 
obtaining crystal-controlled range marks is to peak the output of 
a free-running crystal-controlled oscillator; such range marks can 
be rigidly synchronized with other circuits if the synchronizing 
trigger is itself derived from the oscillator output by suitable 
frequency division. The circuit of Fig. 6*39, which is part of the 
AN/TS-100 A-scope (cf. page 203), illustrates a practical method 
of acccanplishing this result. The trigger repetition frequency is 
controlled by the blocking osdllator ViBi a small, peaked 80.86- 

^ B. Chanoe, i^. 17, 396 (19I6)« 
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kilocycle signal from the plate circuit of the crystal oscillator is 
applied to the blocking oscillator to ensure that it will fire nearly 
in coincidence with one of the 80.86-kilocycle oscillations. The 
output of the blocking oscillator is applied as a negative gating 
pulse to the coincidence tube F 2 A; the peaked 80.86-kilocycle 
oscillation which arrives at the grid of V 2 A while the cathode is 
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Fig. 6*39 Circuit diagrams of the crystal-controlled oscillator and synchro- 
nized trigger generator employed in the AN/TS-100 A-scope. 


pulsed down fires the blocking oscillator V 2 B, the output of which 
is fed to a cathode follower (not shown) to give a low impedance 
trigger output. The 5,lK-lmh combinations in Fig. 6-39 con- 
stitute strongly damped shock-excited resonant circuits, the in- 
ductance and its distributed capacity having a natural period of 
the order of 1 megacycle. Thus these circuits give a cycle or two 
of approximately 1-megacycle oscillations once each cycle of the 
80.86-kilocycle oscillations. 

It should be noted that the frequency of the oscillator is not 
determined by that of the cxys^ oscillator, so that there wiU 
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usually be a small erratic variation in the spacing of the triggers, 
although this spacing will always correspond to an integral num- 
ber of 80,86-kilocycle oscillations. If such jitter in the repetition 
frequency is objectionable, a counting circuit (page 311) can be 
employed to reduce the crystal oscillator frequency to the desired 
low value. 

Linear Time Bases 

For interpolation between range marks a linear time base is 
required. The commonest form of time base is a voltage which 
increases (or decreases) linearly with time. Such a voltage is 



Fig. 5*40 Basic circuit of a simple sawtooth generator. 

called a positive-going (or negative-going) sawtooth voltage. For 
most timing applications the sawtooth voltage must be rigidly 
S3mchronizable by means of a trigger pulse, thus differing from the 
output of the free-running sawtooth generator in the usual cathode 
ray test oscilloscope. 

Many triggered sawtooth generators are of the general type 
shown in Fig. 5-40. The clamping tube Vi normally holds the 
output voltage close to ground. An unclamping pxdse, supplied 
by a triggered multivibrator (page 303), cuts off the tube, and the 
voltage at the output rises toward Ebh along an exponential curve 
with a time constant equal to RC. The first part of this exponen- 
tial rise is sufficiently linear for many applications. This simple 
circuit can be used to produce cathode ray tube sweeps as fast as 
10 inches per microsecond. 

The linearity of the output of the circuit of Fig. 6*40 can be 
greatly improved by an ingenioxas application of feedba<4c. The 
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circuit is shown in its simplest form in Fig. 6*41. The feedback 
from the cathode follower tends to hold constant the voltage 
drop across, and therefore the current flow through, the charging 
resistor 2?. The diode V 2 enables the high potential end of the 
resistor to rise above Ebb’, b, somewhat lower degree of linearity is 
obtained if V 2 is replaced by a resistor. The output voltage is 
given approximately by the expression 

Ebb 

^:out«^o + — < (5-22) 

RC 

where Eq is constant and t is the time in microseconds if R is ex- 
pressed in ohms and C in microfarads. Large deviations from lin- 



Fig. 6*41 Diagram of a sawtooth generator with regenerative feedback for 
improving the linearity. 

earity will occur if F 3 draws grid current; the voltage at which this 
takes place can be increased by using a higher plate supply voltage, 
which can be unregulated, for the cathode follower. 

Time interpolations can be carried out by means of a circular 
sweep on a cathode ray tube equipped with a central deflection 
electrode (page 197). If such a circular sweep is derived from the 
output of a crystal-controlled oscillator, as indicated in Fig, 5*39, 
and if the sine waves in quadrature used to form the sweep are 
sufficiently free of harmonics to give an accurately circular pat- 
tern, a highly precise time base is obtained. Obviously, the pulse 
interval to be measured must be accurately sjmchronized with the 
oscillator producing the sweep, and means have to be provided for 
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counting the number of revolutions of the sweep between the 
pulses to be timed. The latter is accomplished^ for example, by 
an auxiliary pulse which can be moved from one pulse to the other 
around the sweep. 


PROBLEMS 


5 • 1 Derive eqtiaiion 5-1. 

5*2 Derive equations 5-3 and 5 ‘4, using the equivalent circuit in Fig. 
5-6 (a). 

5*3 Consider the circuit of Fig. 5*4 with Vi modified to include a cath- 
ode resistor Rk bypassed by a condenser Ckj and with Rl increased to Rl 
(1 + ffmRk)- Show th^t the midfrequency gain is 

-d. =* QmRl 


and the high frequency gain is 


Ab. 


QnJ^L 

1 ^vjfRiPs 


if RkCk ~ Rl(X -f gmRK)Cs- 

5 • 4 Derive equations 5 * 9 and 5 • 10. 

5*5 Derive equations 5*11 and 5*12, using the equivalent circuit in Fig. 
5*5(6). 

5 * 6 Derive equations 5 * 13 and 5 * 14. 

5*7 Suppose that in the circuit of Fig. 5*22 the plate resistor R is large 
enough so that in the recharging of C between pulses the time constant is 
practically equal to RC, Derive the steady state value of the difference 
between the supply voltage Ebb and Vc in terms of Ry C, AFc and the repeti- 
tion frequency /r. Show that if this difference is to be less than aAFcy the 
repetition period must exceed the value 2.3RC log (1/a). (For the significance 
of the symbols refer to page 170 of the text.) 

5*8 From a consideration of the energy stored in a condenser and the 
energy of a pulse show that the total charged capacity of a pulse-forming line 
is given by 

C = — 

2Zo 


where r is the pulse width in seconds and Zo is the characteristic impedance 
of the line. 

5*9 Derive the expresrions for condenser voltage and inductor current 
during the charging part of the cycle for the case^ of d-c resonant charging 
(cf. Mgs. 5*29 and 5*30), assuming aero circuit losses. Show that /mu ** 
r.V^AUd Vaa. => 2F.. 

5*10 Derive the following expressions for the cond^iSer voltage azul in* 
dttctor curr^t for the charging part of the cycle fmr t^e ease of d*c consent 
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current charging (cf. Figs. 5-29 and 5*31), assuming that the circuit losses 
are zero and that a steady state has been reached: 


V 


Vg( cot T y sin 2ir// H“ 1 

' Jr 



I — Vg ^cot Ty cos 2ir/< + sin 2ir/<^ 


where/ is the resonant frequency of the Lr-C combination. Show that 


/o 

■fmax 


cos fT y 
Jr 


where lo is the current immediately after each discharge of the condenser, 
and estimate how much larger L must be than for the resonant case (Problem 
5-9) to have the current constant within =t5 per cent. Show that V ^ 2Vg 
at the end of each charging cycle regardless of the value of L. 

5*11 Show that the condenser voltage during the charging period in a-c 
resonant charging (cf. Figs. 5*32 and 5*33) is given by the expression 


V 


when the input voltage is 


Vo 


(ut cos <t)t — sin 0)0 


V = — Fosino)^ 


provided circuit losses can be neglected. 

5*12 Show that the output frequency of the circuit of Fig. 5*38 without 
feedback is given very closely by l/2irVLC if the circuit losses are low, and 
derive the expression for the time constant of the decay envelope. Assume 
that the low circuit losses are due entirely to the resistance of the inductor. 

5*13 Show how the circuit of Fig. 5*40 can be modified to produce a 
negative-going sawtooth voltage. 
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CATHODE RAY TUBE 
INDICATORS 


The cathode ray tube (CRT) indicator is an instrument of cen- 
tral importance in modem electronics. It is a sine qm non to 
radar, which could certainly never have developed beyond an 
exceedingly clumsy device had it not been possible to present 
rapidly a mass of information in clearly readable form on the face 
of a CRT indicator. Nearly all the non-radar applications of 
microwave and electronic techniques mentioned elsewhere in this 
book involve the display of useful information by means of a 
CRT. 

A CRT indicator is essentially an extremely high speed writing 
device. A readily visible spot of light is produced by the bom- 
bardment of a fluorescent screen with a focused stream of rapidly 
moving electrons. The great value of the CRT is that this stream 
of electrons can be rapidly deflected from its normal course by the 
application of electric or magnetic fields of moderate intensity; 
because of the very small mass of the electron, sizable deflections 
can be produced in very short time intervals and with the expendi- 
ture of very small amounts of energy. The light spot can be made 
to travel across the tube face at rates as high as several hundred 
inches per microsecond, and the driving force required (in the case 
of deflection by an electrostatic field) is almost entirely that 
required to charge the capacity of the deflection plates and 
associated wiring independently of the presence of the electron 
beam. 
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61 CATHODE RAY TUBES 


The important types of cathode ray tubes may be classified 
according to two broad schemes: the type of focusing and deflec- 
tion used, and the type of fluorescent material or phosphor em- 
ployed. 


Electrostatic Tubes 


The tubes used in ordinary oscilloscopes and certain radar indi- 
cators employ electrostatic focusing and deflection of the electron 
beam. A typical design is shown in Fig. 6*1. The cathode is an 


Heater 



Control 

electrode-^ 

(grid) 


Anode 1 
(focusing 
electrode) 


Typical d-c voltages: Anode 3 
Defl. plates 
Anode 2 
Anode 1 
Cathode 
Grid (visual 
cutoff) 



Aquadag 
coating 
(connected to 
anode 2) 


Anode 3. 
^(Aquadag 
coating) 


-60 V (with respect to cathode) 


Fig. 6 • 1 Schematic representation of a typical electrostatic cathode ray tube. 


oxide-coated cylinder heated by a filament, and is normally held 
at a potential of 1 to 2 kilovolts below ground. The flow of elec- 
trons from the cathode is controlled by the potential of a grid 
cylinder, and the beam is brought to a focus on the fluorescent 
screen by the electrostatic field ^ generated by the focusing elec- 
trode or first anode. This anode in the case illustrated is at a 
potential approximately 500 volts above the cathode; a front 

1 For a discussion of electron optics see I. G. Maloi! and D. W. Epstein, 
Mlednm OfMcs in Telmsian, McGraw-Hill Book Co., 1938. 
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panel control of this voltage is required to allow careful adjust- 
ment. After being focused, the electrons are accelerated in the 
field between the first and second anodes. The latter anode, 
which thus serves as a predeflection accelerating electrode, is nor- 
mally at ground potential. The accelerated electrons then pass 
through the deflection plate system. After deflection the elec- 
trons may be further accelerated by a poetdeflection electrode or 
intensifier. This third anode is a coating of Aquadag (colloidal 
graphite) on the inside of the tube, and in the case illustrated is 
held at a potential of about 2 kilovolts above ground. The advan- 
tage of a postdeflection accelerating electrode is that the additional 
acceleration is obtained with only a small decrease in the deflec- 
tion sensitivity. The tube illustrated has a deflection sensitivity, 
with the third anode at groimd potential, of approximately 0.4 
millimeter deflection per volt; this figure is decreased to about 
0.3 millimeter per volt on raising the third anode to +2 kilovolts. 
With these relatively high accelerating potentials, the grid poten- 
tial must be lowered to 60 volts below the cathode potential to 
achieve visual extinction of the beam (visual cutoff). 

The brightness of the spot and the sharpness of focus improve 
as the accelerating potentials increase. This is important in many 
applications where very high writing speeds are employed and 
where^the maximum resolution of signals on the tube face is de- 
sired, The use of high accelerating potentials has been carried to 
an advanced point in the development of types such as the 5R 
series of tubes.^ These tubes have a series of three postdeflection 
accelerating electrodes, to the last of which a potential as high as 
20 kilovolts may be applied, the deflection sensitivity being of the 
order of 0.16 millimeter per volt. With such tubes extremely 
bright traces can be obtained with very high writing speeds. 

In the application of electrostatic tubes, sweep voltages are 
customarily applied to the horizontal deflection plates, and signal 
voltages to the vertical plates. Usually the sweep voltage is a 
linear function of time in order to give a linear time base. The 
application of the sweep and signal voltages interferes less with the 
focus of the beam if they are applied in a push-pull paanner; that 
is, if the potential of one plate is decreased at each instant by the 
mnount the potential of ^e other plate is increased. The use of 

* See pa^ 200 for a descriptioii of CET-t;^ designation symbols. 
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push'^puU deflection is more important in the sweep voltage since 
it generally is considerably larger than the signal voltage. 

Tlie useful sweep length with a given tube can be increased by 
using a circular rather than a linear sweep. A circular sweep is 
produced by putting a sine voltage on one set of plates and a volt- 
age of the same frequency differing in phase by 7r/2 on the other 
set. The sweep speed in this case can be very accurately con- 
trolled by deriving the two voltages from a crystal-controlled 
oscillator; for this reason, this type of sweep is frequently employed 
in the precise measurement of time intervals (see page 191). De- 
flection modulation of the beam is accomplished by impressing 
signals on a central deflection electrode projecting through the 
tube face (shown dotted in Fig. 6*1). With this type of electrode 
the deflection sensitivities are considerably lower than those 
obtained with the deflection plates. 

Magnetic Tubes 

Cathode ray tubes in which the electron beam is focused and 
deflected by magnetic fields find wide application, particularly as 



Typical d-c voltages: Cathode -h 50 v (variable) 

(3rid 0 
Anode 1 <f250v 
Anodeai-ekv 

Fig. 6*2 Schematic representation of a typical cathode ray tube employing 
magnetic deflection. 

rads^ indicators. Figure 6-2 illustoates schematically a magnetio 
tube. The electron “gun" is similar to that used in electrostatic 
cubes. Alter the there is usually a first anode (sometime 
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called the screen grid) which serves to make the cutoff bias inde- 
pendent of the total accelerating voltage and which is also useful 
in controlling the beam current. This anode is held at a potential 
approximately 200 volts above the cathode during normal opera- 
tion. The grid bias then required for visual cutoff is of the order 
of —45 volts. The beam is focused in the axially symmetrical 
field of the focus coil, which is usually a multilayer coil enclosed 
in a soft iron shell in the inner wall of which there is a gap; the 
leakage flux across this gap provides the focusing field. The cur- 
rent through the focusing coil is 
adjusted by a control on the front 
panel. 

The focused beam is deflected by 
means of the deflection coil or yoke, 
which may take many forms de- 
pending on such factors as the 
purpose for which the indicator 
is intended. The simplest form 
is shown in Fig. 6*3. Two wind- 
ings on a square iron core are 
arranged with their fluxes op- 
posed. There is thus produced a 
leakage field as indicated across the neck of the tube, which must be 
uniform to avoid distortion of the beam. Sometimes multiple 
coils are used to permit beam centering or off-centering and the 
use of push-pull sweeps. With the yoke oriented as shown in the 
figure, the beam is deflected in the horizontal direction. The 
amount of deflection will increase at a uniform rate, thus producing 
a linear time base on the tube face, if the magnetic field produced 
by the yoke increases linearly with time. This requires that the 
curreM through the deflection coils increase linearly; that is, a 
sawtooth current waveform is required. . 

The direction of the sweep produced by the yoke illustrated in 
Fig. 6-3 can be changed by mechanical rotation of the yoke. This 
constitutes one of the most satisfactory ways of producing the 
rotating linear sweep used in Plan Position Indicators (page 206). 

The electrons in the beam are accelerated by means of a high 
positive potential applied to the second anode, which consists of 
an Aquadag coating on the instdo of the tube extending from well 
down in the neck nearly to the face of the tube. The second 
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Fig, 6*3 Simple type of deflec- 
tion yoke for a magnetic cathode 
ray tube. 



anode potential is usually of the order of 6 kilovolts above the 
cathode. 

Cathode Ray Tube Screens 

Our understanding of the fluorescence of materials used in 
cathode ray tube screens is very slight, in spite of the considerable 
amount of work which has been done on the subject. It is known 
that the behavior of a fluorescent layer, or phosphor, is greatly 
dependent on the nature and amount of the impurities present in 
it. Thus extremely pure zinc orthosilicate shows very little fluo- 
rescence on bombardment by electrons but, when ^^activated^' by 
traces of silver, it fluoresces with a green light. 

As commonly used in the present connection, the terms fluores- 
cence and phosphorescence are chiefly distinguished by the rate of 
decay, or persistence^ of the light produced. The decay of flu- 
orescence requires times of the order of milliseconds, whereas 
phosphorescence may persist with visible intensity for a period of 
many seconds. 

Several types of phosphor have been developed for various 
applications. Any of these types may be employed with either 
electrostatic or magnetic tubes. A property of phosphors which 
has great importance in radar and other applications is the per- 
sistence, which may be quantitatively expressed in terms of a 
decay law. The light from some phosphors decays according to 
the expression 

/ = /(,<'• (6-1) 

where I is the light intensity at time t and Jo that at time < = 0, 
and 8 is an empirically determined constant. Other phosphors 
follow an exponential decay law: 

I = (6-2) ' 

where r is the decay time constant. The persistence of a screen 
determines whether it is suitable for applications in which rapidly 
changing signals occur in a given region of the tube face, or whether 
it may be applied in cases where there is a more or less extended 
period between successive excitations of a given region. An exam- 
ple of the former type of application is an A-scope (page 203) used 
with a radar having a scanning antenna^ so that a constantly 
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changing signal pattern is displayed on a horizontal sweep. The 
latter type is illustrated by the PPI (page 206) of a slowly scan- 
ning radar; here the linear sweep rotates in synchronism with the 
antenna, and there is an interval of several seconds between succes- 
sive passes of the sweep over a particular spot on the tube face. In 
such cases it is necessary to have an excited spot continue to emit 
visible light for a large fraction of the period of rotation of the sweep. 

Long persistence may be achieved by the use of a cascade screen 
consisting of two separate layers. The layer closer to the electron 
gun fluoresces under electron bombardment, and the other one 
phosphoresces with long persistence when excited by the light 
from the first layer. 

It is found that some phosphors are excited to practically their 
saturation intensity (for a given accelerating voltage and beam 
current) by a very short period of excitation, of the order of micro- 
seconds in duration. Other phosphors, in contrast, require more 
or less extended periods of excitation to reach saturation. Such 
phosphors usually show an integration phenomenon known as 
build-up. If the electron beam is pulsed on for much less time 
than required to reach saturation intensity, it is found that the 
ratio of the intensity resulting from excitation by n pulses to that 
resulting from one pulse is greater than n. This integration effect 
results in a complicated dependence of signal visibility, particu- 
larly in the presence of random ^‘noise^^ pulses, on such parameters 
as pulse width and pulse repetition frequency. Build-up may be 
expressed quantitatively in terms of the build-up ratioy which is 
the ratio of the intensity remaining at a standard time (usually 
1 second) after n standard excitations repeated at a fixed fre- 
quency to the intensity the same time after one excitation, and is 
represented by the symbol (?n:i. 

Table 6*1 gives some of the properties of important t3q)es of 
screens. The PI and P7 screens are much the most important in 
radar applications. Several other screens are available, such as 
the P4 screen, which gives a white light and is used in television 
picture tubes. 

RMA Designation of Cathode Ray Tubes 

The Badio Manufacturers’ Association designation of a CRT 
gives , first the nominal screen diaineter in inches, then a letter in- 
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Table 6 • 1 Cathode Ray Tube Screens ♦ 
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• Most of the material in Table 6* 1 is taken from Radiation Laboratory Report S-48, by A. B. White, May 1945. A detailed 
discusrion of the P7 cascade screen is given by W, B. Nottingham, Radiation Laboratory Report VI-4S. 



dicating merely the order of development or registration of that 
particular type of tube, and finally the phosphor designation. 
Thus a 3BP1 tube has a 3-inch screen and uses the PI phosphor. 

Control Grid Characteristics 

A typical family of control grid voltage versus beam current 
curves is given in Fig. 6-4. Voltages are expressed relative to the 
^ cathode voltage. Aside from scale changes, these curves are simi- 



Fig. 6*4 Typical grid voltage-beam current characteristics for cathode ray 
tube types 6CP1/P7, 6LP1, and 5JP1. 

lar to those obtained with ordinary receiving-type tubes. As in- 
dicated by the table included in the figure, the screen brightness is 
proportional to the beam current and, in the region covered by the 
table, increases linearly with the total accelerating voltage. 
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6-2 TYPES OF INDICATORS 


Two types of modulation can be applied to the electron beams 
in electrostatic or magnetic tubes: deflection and intensity modula- 
tion. The means for applying deflection modulation have already 
been described. Intensity modulation is in most cases accom- 
plished by varying the grid or cathode potential, or both. Rela- 
tively long period modulation such as gating is frequently brought 
about by changing the screen grid potential. Two signal trains 
for intensity modulation can be conveniently mixed by applying 
one to the grid and the other, in opposite polarity, to the cathode. 
Similarly, in deflection modulation, one set of signals can be ap- 
plied to one of the vertical deflection plates and the other to the 
other plate. 

The following paragraphs give brief descriptions of some impor- 
tant types of CRT indicators. These types are for the most part 
selected from the wide variety of radar indicators' which have 
been developed for displaying in various ways information about 
the position of targets. None of these types, except for the A- 
scope, has as yet found extensive non-radar application, although 
it is quite probable that some of them will. 

A-Scope 

An A-scope is an indicator employing an electrostatic tube^with 
a linear sweep which is initiated by a trigger. It thus differs from 
an ordinary oscilloscope mainly in that the sweep can be tightly 
synchronized with an external system. This type of indicator is 
sometimes called a synchroscope and is indispensable in work with 
pulse circuits. In radar practice, A-scopes are extensively used 
for such purposes as tuning radar systems (since changes in the 
amplitude of a signal displayed as a deflection modulation are 
more readily observed than changes in intensity) and range 
measurements. The position in range of a signal displayed on an 
A-scope can beuccurately determined by comparison with a mov- 
able range mark or notch generated by a calibrated delay circuit 
(see Chapter 6). Several modifications of the simple A-scope have 
been deYeloped for this purpose. Thus, the sweep may be rapid, 
say ^ inch per microsecond, and delayed a variable but accu- 
rately known time after the instant the radar pulse is transmitted. 
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The delay may be controlled by a handwheel and the position of 
a marker which is brought into coincidence with the signal read 
from a set of dials directly in yards or miles. In some A-scopes, 
provision is made for expanding a small portion of the sweep 



Fio. 6-5 Hepresentation of the appearance of a type A preaentation, showing 
important waveforms. 

including the signal, the position of the expanded portion of the 
sweep again being controlled by the operator and its position 
being read from appropriate dials. In nearly all cases, Anscopes 
employ screens of medium persistence, such as the PI screen. 

Figure 6*5 represents the appearance of an Anscope on which 
are presented the signals from a radar. The waveforms shown in 
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the figure illustrate the time relations of the signals fed to the vari- 
ous CRT electrodes. The generation of these waveforms is dis- 
cussed in Section 6*3. The radiated radar pulse is frequently 
called the ‘^main bang^'; the video signal corresponding to the 
main bang usually has an amplitude exceeding the normal video 
limit level of the system because of direct feed-through by ground 
currents from the enormous video pulse applied to the trans- 
mitter tube (cf. Section 5-3). 

The synchroscope provides the best type of display for many 
time measurements on either single or repeated transient phe- 
nomena and is thus of great importance in scientific work. It is 
important to note in this connection that the development of the 
synchroscope for extremely short interval timing has been carried 
to an advanced state. Lee ^ has described an oscilloscope of the 
Du Four type, in which the electron beam impinges directly on a 
photographic film inside the evacuated tube, with which one can 
actually obtain an oscillogram showing a few cycles of a 3000- 
megacycle sine wax^e! More recently, Winter^ has described a 
synchroscope with sweep speeds up to 100 inches per microsecond 
which employs a fluorescent screen giving sufficient intensity so 
that single transients involving writing speeds up to 300 inches 
per microsecond can be recorded on an external camera. With 
this device a 100-megacycle sine wave can be readily recorded, and 
the time interval between two points of a single transient can be 
stated with a precision of about dbl0~® second. Needless to say, 
very considerable refinement over ordinary circuit methods is re- 
quired to achieve Operation of this sort. 

J-Scope 

The J-scope is essentially an A-scope with a circular sweep, 
produced as described on page 197. Very precise ranging, to 20 
yards or so, may be accomplished by using a crystal-controlled 
2000-yard sweep on the J-scope; the radar trigger is produced by 

» G. M. Lee, Master's Thesis, M.I.T., Jupe 1944; Proc. 34, 121W 

(1946). 

* D. F. Winter, Radiation Laboratory Report 1001, April 1946. V. L. Fitch 
and E. W. Titterton, Rev, Set, InetrumentSy 18, 821 (1947), have given a com- 
plete description of a synchroscope having a much lower maximum writing 
speed, but indudiag several useful accessories. 
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counting down (cf. page 311) the crystal oscillator output to a 
suitable frequency, so that the scope sweep and radar are rigidly 
synchronized. The range to a target is determined by counting 
the number of revolutions and the fraction of one revolution before 
the echo appears on the indicator. As in A-scopes, medium per- 
sistence screens are employed. 

PPI 

The Plan Position Indicator, or PPI, is of great importance in 
radar because it gives a nearly true map picture of the surround- 
ings. The general usefulness of the PPI is indicated by the fact 
that on naval ships numerous remote PPFs are located at various 
points from the bridge down. These remote indicators are arranged 
so that they can be switched by a single knob to any one of the 
various search radars on board. 

PPFs have a linear sweep from the center of the tube to the 
edge, which rotates around the tube face in synchronism with the 
radar antenna. Almost without exception they employ magnetic 
tubes. The grid bias is adjusted so that the sweep is barely visible 
in the absence of signals or noise. Signals (and noise) are applied 
to either the grid or the cathode in the proper polarity to intensify 
the beam. The usual signal amplitude adjustment is such as to 
have the noise peaks give a slight general brightening of the trace; 
it is necessary to have the noise large enough to brighten the trace 
appreciably in order to avoid losing weak signals. 

If the beam intensity is increased too mucli the focus is de- 
stroyed; the spot is said to ‘‘bloom.’^ It is therefore necessary to 
include a limiting stage in the video amplifier preceding the PPI 
to prevent strong signals from causing blooming. 

In addition to the intensity modulation produced by the signals, 
the electron beam is blanked out during the part of the radar 
repetition interval when the indicator is not being used. This is 
accomplished by applying a suitable gating signal to an electrode 
such as the first anode. In addition, range marks may be dis- 
played on the screen by feeding short pulses to either the grid or 
the cathode (whichever is not used for the signals), and in some 
radars azimuth madks are also included at intervals such as every 
10 degrees of antenna rotation. 
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Since the sweep is in a given position for only a short time, it would 
be impossible to ^^read^^ a PPI if the light produced by a signal did 
not persist for some time. For this reason, a screen such as the 
P7, having long persistence, is always used in this type of indicator. 

PPI^s employ tubes varying in diameter from 5 to 12 inches. 
There is a general preference for 12-inch tubes in cases where 
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Triggers 

Sweep voltage 
(def. coils A) 
Sweep voltage 
(def. coils B) 




Intensifying gate I I — J 
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Fig. 6*6 Representation of the PPI of a land-based radar. The tube face 
is shown as it appears in a photograph of a complete rotation of the sweep; 
i.e., the instantaneous position of the sweep and the decay of the signals are 
not shown. The time relations of the signals applied to the tube are indicated 
by the waveforms given. 


space and weight limitations do not enter. The spot size increases 
with the tube size, so that there is little or no gain in resolution in 
going to large tubes; they are preferred because they are somewhat 
easier to read, and plots and other marks may be more easily made 
by the operator on the tube face. 

Figure 6*6 gives a representation of a PPI display (for conven- 
ience signals are shown as dark spots on a white background), 
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together with significant waveforms to illustrate the timing of the 
various voltages and currents impressed on the indicator. 

Since the PPI presents range radially and azimuth as an angle, 
it gives a true map picture of objects located in the horizontal 
plane of the radar. The range and azimuth of all objects within 
view are, of course, presented correctly, but no distinction is made 
between slaivl range and horizontal range. Thus, if an aircraft at 
a high altitude is at the same bearing as a hill, and is at a slant range 
equal to the range of the hill, its echo will coincide with that of the 
hill even though it is flying over a point appreciably closer to the 
radar. The appioximately true map nature of the PPI picture 
makes it particularly valuable in ship navigation. Optical and 
electronic systems have been devised which permit superimposing 
a portion of a map or chart on the PPI tube face to aid in recogniz- 
ing the terrain features shown by the indicator. 

B>Scope 

A B-scope gives a rectangular plot of ranges versus azimuth, 
range usually being represented in the vertical direction on the 
tube face and azimuth in the horizontal direction. The picture 
presented is thus highly distorted, but it is nevertheless very use- 
ful in enabling operators to read off the ranges and bearings of 
targets. The B-scope is usually designed to display a small range 
interval of 10 or 20 miles and an approximately 90° sector of 
azimuth. The particular region shown on the indicator may be 
selected by the operator; suitable calibrated dials incorporated in 
the controls, together with electronic range and angle markers, 
facilitate the determination of the coordinates of a signal. 

Type B indicators usually employ magnetic deflection of the 
electronic beam. The range sweep is produced much as in a PPI. 
This sweep is moved relatively slowly across the tube face at a 
rate determined by the rate of rotation of the radar antenna and 
the size of the sector covered; a circuit for supplying the azimuth 
sweep current is described on page 216. The electron beam is 
blanked out during the fraction of each repetition interval when 
the range sweep is not operative, and the fraction of each antenna 
rotation interval when the azimuth sweep is not operative. 

As in the case of the PPI, Enscans employ long-persistent screens 
in sizes up to 12 inches. 
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Precision PPI 


The Precision PPI, or P^I, is a combination of a PPI and a 
B«scope which is useful for precise range and angle measurements 
in conjunction with a search radar which supplies sufficiently 
accurate angle information from the antenna mount. The PPI is 
used for selecting targets whose coordinates are to be measured. 
A range ‘^strobe’^ or marker indicates on the PPI, in the form of a 
slightly brightened band, the range segment covered by the B- 
scope, and a mechanical angle marker indicates the center of the 
azimuth sector covered. By means of handwheels these markers 
are moved to include the desired target, which will then appear 
on the B-scope when the antenna reaches the proper angular 
position. On the B-scope there is a fine electronic range strobe 
and an angle marker, the positions of which are controlled by the 
same handwheels. The range strobe remains on the tube face after 
the azimuth sweep is completed, and it and the angle marker can 
be moved to intersect precisely at the persistent target trace. The 
handwheels are coupled with mechanical revolution counters or 
dials which show the target range in yards and bearing in degrees 
after the above operation has been completed. Circuits are in- 
cluded which move the intersection of the range and angle marks 
and the signal to the center of the B-scope at the next rotation of 
the antenna. 

Range Height indicator 

As its name implies, this indicator, abbreviated RHI, displays 
the two coordinates slant range and altitude. The RHI is em- 
ployed with height-finding radars of the “beavertaiU' type (page 
349) in which the antenna, which has a narrow beam in elevation, 
is rapidly scanned in elevation. In effect, a linear range sweep is 
rotated about a point at the lower left-hand side of the tube, in 
synchronism with the elevation scanning of the antenna, from 
slightly below the horizon to 30 degrees or so above. In one type 
of RHI, altitudes are read from an appropriate scale over the tube 
face. As a rule, electronic range mark^ are sho^vn on the tube, and 
intensity modulation is employed for both the range marks and 
the video signals. 

In one form of RHI linear horizontal and vertical sweeps are 
used, both of which occur at the radar repetition frequency. If 
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the speed of the horizontal sweep is p inches per microsecond, the 
speed of the vertical sweep is approximately p(sin ^/sin 
inches per microsecond where <l> is the antenna elevation. It is 
evident that the horizontal deflection to an echo measures the 
slant range, and the vertical deflection the altitude. If a long 
range interval is covered, the graduation lines of constant altitude 
have to be curved to allow for the earth^s curvature. 

6-3 INDICATOR CIRCUITS 

A complete discussion of the electronic circuits employed in 
indicators would require far more space than is available here. A 
selection of typical circuits will be described in sufficient detail to 
illustrate the problems which arise and some of the methods de- 
veloped for solving them. 

Gating Pulses 

Gating or switching pulses are frequently employed in indicators 
in connection with electronic switches (clamps; see page 307) and 
for blanking or intensifying the electron beams in cathode ray 
tubes. These gates are generated by some form of triggered 
multivibrator, such as that described on page 303. 

Range and Angle Marks 

Electronic marks to show range and angle intervals are used in 
many indicators. Circuits for the generation of range marks are 
described in Section 5-5. Angle marks can be generated, in slowly 
scanning radars, by means of a photocell-slotted disk arrange- 
ment. The disk is driven through a servo link (Chapter 9), 
usually the same link as used to drive the PPI^s, in synchronism 
with the antenna. The angle marks consist of pulses two or three 
times as long as the radar repetition interval, or of oscillations 
(say at 100 or 200 kilocycles) which have this envelope and are 
not synchronized with the radar pulse rate. 

Ronge Sweeps, Electrostatic 

As mentioned above, range sweeps, or linear time base sweeps, 
in the case of electrostatic deflection are obtained by imposing a 
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sawtooth voltage between a pair of deflection plates. The genera- 
tion of such voltage waves increasing linearly with time is dis- 
cussed in Chapter 5. In cases where a push-pull sweep is used, an 
inverter stage feeds the sweep signal to one of the deflection plates 
while the other plate receives the sawtooth direct. 

Linear sweeps for extremely short interval timing® involve 
circuits somewhat different from those described in Chapter 5. A 
very fast-acting switch tube is required, and relatively large sweep 
power is necessary to charge the various lumped and distributed 
capacities in the sweep circuit. Such require- 


ments have been met by adopting many of 
the techniques employed in high level pulse 
generators. 

Range Sweeps, Magnetic 



If the electron beam in a CRT is to be g.7 The approx- 
deflected at a constant rate by means of a imate equivalent cir- 
magnetic field, the field intensity must also cuit for the driver tube 
change at a constant rate. This means that f "d deflection coil used 
the current through the deflection coils must obtaining a linear 
change linearly with time. The problem of 
obtaining such sawtooth current waves Is 
considerably more complicated than that of obtaining sawtooth 
voltage waves in the electrostatic case, where the impedance to be 
driven is very large. 

The approximate equivalent circuit for the sweep driver tube 
and the deflection coils is shown in Fig. 6-7. The coils have in- 
ductance L and resistance and are shunted by the wiring and 
coil capacity Cs- The plate resistance of the driver stage is in 
series with the L, JSl, and Cs combination. If we neglect the ca- 
pacity, we have 


E 



+ + EL)i 


(6*3) 


For a linearly increasing current, i = hi, where t is time: 


E = kL -f- k{rp R i,)t 

^ D. F. Winter, Radiation Laboratory Report 1001, April 1946. 
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(6-4) 



Thus the applied voltage should have a trapezoidal form. Such a 
trapezoidal voltage is approximated by the output of the circuit 
shown in Fig. 6*8. A negative gate of the same duration as the 
desired sweep is applied to the normally conducting first tube. A 
rapid voltage rise at the plate of this tube results because the 
capacity C is a very low impedance to short transients; the magni- 
tude of this initial rise is approximaMy Ehh[R 2 /{Ri + ^ 2 )]* The 
condenser voltage then starts to rise toward E},}, with the time 



IS 

Unclamping 

gate 



Fig. 6*8 Schematic diagram of a simple circuit for obtaining the trapezoidal 
voltage for driving a deflection yoke. 


constant (Ki + R 2 )C, the first part of this exponential rise being 
sufficiently linear for most purposes. The trapezoidal voltage is 
then amplified and finally applied to the grid of a driver tube 
having the deflection coil in its plate circuit. To improve the 
linearity of the sweep amplifier stages, degenerative feedback from 
the driver is applied to the cathode of the first amplifier stage. 
In most cases it is necessary to place a diode d-c restorer (page 307) 
in the grid circuit of the driver stage to re-establish the proper 
zero point for the beam between sweeps. 


Rotation of Linear Sweeps 


(a) The simplest method of obtaining a rotating linear sweep 
with a magnetic tube is to rotate the deflection yoke, the sweep 
signal being fed to the deflection coils by means of slip rings. In 
radar applications, this method requires some sort of angle data 
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transmission system between the antenna and the deflection yoke. 
A very simple arrangement is a 1-speed synchro link (see page 275) ; 
for example a synchro generator might be geared to the antenna 
shaft and a synchro motor used to drive the deflection yoke. In 
order to have a one-to-one correlation betwe^ antenna and yoke 
positions, the synchro units must rotate through one revolution for 
each antenna revolution. Such a system wiU be subject to errors of 
2® or more. 

Wliere greater accuracy is needed, which is usually the case, 
synchros turning at ten to thirty-six times the antenna rotation 
speed are used. The error is reduced as the synchro speed is 
increased; thus in a 10-speed system the errors should not exceed 
a few tenths of a degree. Because a 10-speed synchro system can 
lock in equally well at any one of 10 positions, additional provi- 
sion must be made to secure a one-to-one correlation between 
antenna and indicator positions. A simple mechanical switching 
system to accomplish this is shown in Fig. 6-9. The 1-speed 
shafts at the antenna and the indicator are equipped with cams 
which actuate microswdtches for 18® and 14® respectively, the 
cams being centered at north. If the indicator is properly syn- 
chronized the two switches are never closed simultaneously, but 
if they are more than about 16® out of step, which will only happen 
when they are locked in one of the nine wrong relative positions, 
the relay will be energized when the PPI reaches its north position, 
and Si, S 2 of the PPI synchro will be disconnected from the 
antenna synchro and connected in parallel to the a-c line. The 
synchro is set up so that this locks it in position until the antenna 
reaches north and opens the relay coil circuit. 

Very precise tie-m of the indicator deflection yoke can be ob- 
tained by means of a 36-speed synchro system and a servoamplifier 
to give torque amplification. Servosystems are discussed in Chap- 
ter 9. Here again it is necessary to use additional means to avoid 
ambiguity in the indicator position. An additional 1-speed syn- 
chro system accomplishes this, if provision is made for automat- 
ically switching the servoamplifier to the 1-speed system when the 
1-speed error signal exceeds a certain amount (see page 283). 

(b) The range sweep in a magnetic CRT can be rotated by 
applying two separate sweep currents, modulated respectively as 
the sine and the cosine of the desired rotation angle, to deflection 
coils at right angles to each other. Similarly, a set of three deflec- 
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tion coils can be energized by sweep currents whose maximum 
amplitudes vary sinusoidally with phase differences of 120°. This 
method requires somewhat more complicated circuits than the 
mechanical rotation method, but the PPI itself can be made con- 
siderably lighter and less bulky. 



Fig. 6*9 Diagram of a lO-speed synchro system, showing switching arrange- 
ment to obtain a one-to-one correlation between antenna and deflection yoke 

positions. 

The modulation of the sweep currents can be produced by means 
of rotary transformers. In the ‘‘three-phase” case ordinary three- 
phase synchros (Chapter 9) can be used. Figure 6 '10 gives a 
schematic diagram for the two-phase case. A trapezoidal voltage 
is applied to the rotor of the transformer and induces voltages in 
the two-phase secondary, the maximum amplitudes^-of which vary 
sinusoidally as the rotor is turned and (Mer 90° in phase. A 
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center-tapped resistor across each secondary winding is used to 
give push-pull voltages relative to ground. These voltages are fed 
to drivers in the plate circuits of which are the deflection coils. 
Each deflection coil consists of four separate coils wound in a 
push-pull fashion, so that zero signal plate currents do not cause a 
deflection of the electron beam in the CRT. Because of the trans- 
former coupling, the d-c level at the driver grids has to be re- 



Fia. 6*10 Schematic diagram of an electromechanical PPI sweep circuit. 

established; since the signals can be either positive or negative a 
simple diode d-c restorer (page 307) cannot be used. The arrange- 
ment shown is a double clamp (page 309) which connects the 
driver grids through a low impedance to ground except while the 
imclamping gate, equal in duration to the sweep, is applied. It is 
found that more reproducible clamping is obtained by connecting 
the plates of the upper clamp in each circuit to a low positive volt- 
age rather than to gropnd. 

Rotary transformers have relatively poor high frequency 
response, so that the rapid rise and fall of the input trapezoidal 
voltages are rounded out considerably. For this reason, this 
method is not used for fast sweeps or where the first part of the 
sweep has to be accurately linear. 
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(c) Another method for modulating a trapezoidal voltage is 
represented in Fig. 6-11. The sine card (cf. page 289) consists of 
many turns of wire on a flat card, with a contactor arm rotating 
about the center of the card. It is evident that if the resistance of 
each turn is small compared to the total resistance, the output 



Fig. 6 11 Illustrating the use of a sine card to modulate a trapezmdal voltage. 

voltage will closely approximate the desired sinusoidally modu- 
lated form. 

(d) The range sweep in an intensity-modulated electrostatic 
CRT can be rotated by applying sinusoidally and cosinusoidally 
modulated sawtooth voltages to the two pairs of deflection plates. 
The modulation can be produced by a rotary transformer or a 
sine card. 

Angle Sweeps 

Angle sweeps such as are used in type B indicators are very 
much slower than range sweeps, and one can neglect the induct- 
ance of the deflection coils and simply regard them as resistances. 
Both s3mchros and potentiometers may be employed in circuits 
for developing slow angular sweeps. The use of synchros is illus- 
trated in the B-scope azimuth sweep circuit represented in Fig. 
6*12. We will consider the case in which the angle sweep is syn- 
chronized with the rotation of a radar antenna. The rotor of a 
synchro generator is energized by a 1500-cycle current from an 
oscillator, and the stator is connected to the stator of a control 
transformer (page 276). The amplitude of the signal induced in 
the rotor of control transformer depends on the positiona of 
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both rotors, so that the azimuth sector to be investigated can be 
selected by the operator. As the antenna rotates at a constant 
rate, the envelope of the output signal is a sine wave; this envelope 
is detected by the double-ended clamp V 2 (cf. page 207) and fil- 
tered, and is then applied to the grid of one of the pair of cathode- 
coupled drivers T 3 and V4, The cathode coupling causes the 
plate current in V 4 to decrease when that in Vz increases, and the 
deflection coils in the two plate circuits are arranged for push-pull 
operation. By means of this circuit the electron beam is deflected 



Fia. 6-13 Waveform for illustrating the azimuth sweep blanking employed 
in the circuit of Fig. 6-12. 

back and forth across the CRT face with approximately simple 
harmonic motion in synchronism with the antenna rotation. The 
carrier frequency of 1500-cycle is used rather than 60-cycle since 
a smoother demodulated signal is obtained in this way. 

The B-scope picture would be practically useless if the electron 
beam were not blanked out except during an interval of approxi- 
mately 90® of antenna rotation. This blanking is produced by 
Vs, which is a cathode-coupled “flip-flop” circuit (see page 306). 
The bias on the grid of Vi is adjusted so that when the demodu- 
lated azimuth signal (Fig. 6 '13) on the cathode of Vs and V^ has 
the value at point 1 the electron beam is centered so far as the 
horizontal (azimuth) direction is concerned, and the bias of the 
grid of VsB is set so that at this point Vsb is conducting and Vsa is 
cut off. 'V^en Vsb conducts, the bias on the CRT cathode permits 
the electron current to flow. As point 2 is approached the cutoff 
potential of Vsa is exceeded and this tube starts to ctmduct. This 
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initiates a regenerative process which quickly transfers the plate 
current to Fsa, thus applying a positive gate to the CRT cathode 
with resulting blanking of the beam. This situation continues 
tmtil the voltage on the cathodes of Vs and F4 drops suflSciently 
to cut off VsAf say at point 3. The blanking gate is then rapidly 
removed from the CRT, and the beam stays on until point 6 is 
reached. Between points 4 and 5 the sweep is reasonably linear, 
and if 10® electronic azimuth marks are put on the indicator the 
deviations from linearity are unimportant. The non-linear part 
of the beam-on interval, between points 3 and 4, occurs either 
while the beam is deflected off the tube face or is at the extreme 
left edge of the tube face and therefore does no harm. 

As indicated in Fig. 6 • 12, in this particular B-scope the video 
signals are impressed on the CRT cathode along with the blank- 
ing gates. 

Vertical Sweep in the RHi 

As mentioned on page 210, the vertical sweep in a range-height 
indicator has an amplitude proportional to the amplitude of the 
horizontal sweep times the sine of the antenna elevation angle. 



Fig. 6 * 14 Illustrating the use of a synchro generator to obtain a sine-modu- 
lated single-sided a-c signal. 

Methods for obtaining such a modulated sweep are described 
above. Another method which is suitable for fast or slow sweeps 
is briefly described in the following paragraphs. 

A voltage proportional to the sine of the elevation angle is 
obtained by the detection of the envelope of a 1500-oycle signal 
which is modulated as the sine of the elevation angle by means of 
a synchro generator. The circuit is essentially as shown in Fig. 
6*12 through ^2, except that the synchro control transformer is 
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Fia. 6-15 Diagram of the vertical sweep circuit used in the range>height indicator of the “Little Abner” 




omitted, and the single-ended modulated signal is obtained from the 
stator of the synchro generator by the network shown in Fig. 6 • 14. 

The sine voltage serves as the supply voltage for the trapezoid 
generator of Fig. 6* 16, Since the sine voltage may go to negative 
values the trapezoid generator has a double-ended clamp Vib and 
F 2 - The linearity of the output is improved by the regenerative 
feedback supplied by the cathode follower VsAf which tends to 
hold constant during the charging process the voltage toward 
which the 0.03-microfarad condenser charges (cf. the linear sweep 
circuit described on page 191). A small pickup coil wound on the 
deflection yoke is included to supply the short voltage peak neces- 
sary at the start of the trapezoid to charge the stray capacity in 
the deflection coil and its leads. The trapezoid voltage is amplified 
by a degenerative two-stage amplifier and is then fed to the sweep 
driver, with appropriate d-c restoration by means of a double- 
ended clamp. Another driver (not shown) is fed in phase opposi- 
tion to give a push-pull sweep. 


6-4 INDICATOR BLOCK DIAGRAMS 


By way of summarizing this chapter we will discuss briefly two 
complete indicators, basing our discussion on the block diagrams 
for these indicators. 

Test Scope (Types A and J Combined) 

Figure 6*16 gives the block diagram for a test scope having 
both A- and J-presentations and using a 3-inch electrostatic tube. 
This scope, which carries the service designation TS-IOO/AP, is 
useful for general test purposes in connection with triggered cir- 
cuits, as well as for radar system tuning and (using the circular 
J-sweep) range circuit calibration. 

A crystal-controlled oscillator gives a sinusoidal output of 80.86 
kilocycles. By means of a phase-shifting network this is changed 
to two sine waves 90^ apart in phase, which are impressed on the 
deflection plates of the CRT to produce a circular sweep one revolu- 
tion of which corresponds to one nautical mile. 

A variable-frequency blocking oscillator produces a short gate 
which is applied to the cathode of a coincidence tube. Peaked 
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Fig. 6*16 Simplified block diagram of a 3-in. test A- and J-scope (AN/TS-IOO/AP). 










80.86-kilocycle oscillations are applied both to the blocking oscilla- 
tor and to the grid of the coincidence tube. As described on page 
189, this arrangement produces a variable-frequency trigger which 
is accurately synchronized with the crystal oscillator output. 
This trigger may be used to control an external circuit ; for example, 
a range mark generator can be triggered, and its output examined 
on the 1-mile circular sweep for calibration purposes. 

A switch is provided for changing to linear sweep operation. 
Either an external trigger or the internally generated trigger can 
be employed. The trigger input is first used to fire a blocking 
oscillator. The output pulse from the blocking oscillator can be 
^^elayed^^ by a conventional variable delay multivibrator (see 
page 182), and is then used to set off a linear sweep generator 
composed of a gate multivibrator, a sweep circuit employing re- 
generative feedback (cf. page 191), and an inverter stage to give a 
push-pull sweep. Various sweep speeds from about 0.2 inch per 
microsecond to 1 inch per millisecond can be chosen by means of 
a selector switch. A positive gate from the sweep gate generator is 
applied to the CRT grid to intensify the trace during the sweep. 

A wideband video amplifier with a fixed gain of about 10 is pro- 
vided. This amplifier is particularly important with the J-sweep 
since the deflection sensitivity with a central electrode is relatively 
low. The amplifier is also useful with the linear A-sweep since it 
allows standard 2-volt radar video signals to give a large enough 
deflection to be useful in tuning a radar system. 

Type B Indicator 

Figure 6 *17 shows the block diagram for a typical B-scope. 
The vertical or range sweep circuit consists of a blocking oscillator 
trigger amplifier, a delay multivibrator, a sweep gate generator, a 
trapezoidal voltage generator (page 212), and two push-pull 
power tube drivers for supplying the relatively large deflection 
currents needed. D-c restoration is provided. Various sweep 
lengths are usually available. An appropriate intensifying signal 
from the sweep gate generator is applied to the first anode of the 
CRT. This range sweep circuit is essentially the same as that used 
in PPI’s, RHFs, and other indicators employing magnetic tubes. 

A negative gate from a multivibrator is fed to a range mark 
generator of the type described on page 187. This gives range 
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Fig. 6*17 Simplified block diagram of a type B indicator. 




marks synchronized with the radar trigger; a blocking oscillator 
frequency divider (page 313) coimts the marks down to a spacing 
suitable to the range being used, and the counted-down marks 
are fed to a mixer which combines them with azimuth marks sup- 
plied by a circuit not included in the diagram. The marks are 
applied to the grid of the CRT to brighten the spot at the appro- 
priate intervals. (In some radars, both range marks and azimuth 
marks are produced in a central ‘‘information generator^' and are 
cabled to the individual indicators.) 

The horizontal or azimuth sweep circuit is described on page 
216. A single video stage amplifies and inverts the positive video 
input, and the resulting negative video together with a positive 
azimuth blanking signal is applied to the cathode of the CRT. 
The maximum video gain available is sufficient to cause blooming 
of the CRT spot with a 2-volt input, and is controllable by the 
operator. 


PROBLEM 

6 ■ 1 Give a detailed block diagram for a range scope having a sweep speed 
of H in. per psec and a '‘range notch^' the position of which relative to the radar 
system trigger is determined by means of a precision delay circuit. The 
notch is a deflection in the CRT trace a few microseconds long, and range 
to a target is determined by adjusting the position of the notch so that the 
target echo takes a standard position within it. Indicate all significant wave- 
forms, showing their proper time relations. Suggest types of circuits which 
could be used for each of the important operations in this scope. 
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TUNED AMPLIFIERS 


The majority of receivers used in microwave radars are of the 
superheterodyne ^ type, in which the received r-f signals are con- 
verted to an intermediate frequency by being mixed with the out- 
put of a local oscillator in a non-linear circuit element. The result- 
ing intermediate frequency (i-f) signals are then amplified by a 
high gain tuned amplifier before being finally converted to video 
signals for application to the radar indicators. The wartime 
development of i-f amplifiers for this application involved some 
advances, particularly with respect to achieving wide bandwidths 
for the amplification of pulsed signals, which it is the purpose of 
the present chapter to discuss briefly. We will include, also, a 
brief discussion of one type of amplifier tuned for audio frequency 
signals. 


7-1 SINGLE-TUNED AMPLIFIER STAGES; BANDWIDTH AND GAIN 

A single-timed amplifier may be represented by the schematic 
diagram of Fig. 7*1. In a typical i-f stage, the resistance R (Fig. 
7*2) is made up of the load resistor jBl, the equivalent shunt 
resistances of L and C, the plate resistance of the first tube, and 
the input resistance of the second tube, all in parallel; the capacity 
C is composed of the shunt capacity of L, and tube, wiring, and 
socket capacities. In most cases R is practically equal to Al* 
The inductance is chosen to resonate with the capacitance at the 
tuned frequency /o ** «o/2ir. 

^ A discussion of microwave receivers is given in Chapter 8. 
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Fig. 7*2 Schematic repreaentation of a single-tuned stage neglecting d-c 

returns. 


of transconductance gnt the voltage gain from the grid of to 

that of V 2 is 

= gmZ(<a) (7-2) 

since for a pentode rp Z(a)) |. At band-center (co = wo), 

AM^gmR (7-3) 

The bandwidth of an amplifier is usually defined as the separa- 

tion of the frequencies at which the voltage gain is 1/V2 of its 
value at band center; these frequencies are the so-called half- 
power or 3-decibel points. This bandwidth, which is very con- 
venient mathematically, is nearly the same as the noise bandwidth 
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defined on page 246 in those cases, such as several cascaded ampli- 
fier stages, whidi are of interest to us here. Solution of the equa- 
tion 

I -dCttf) I ^ _1_ 

■d(«o) y/2 

gives for the 3-decibel angular frequencies 


Wj 


0>2 


^(-1-H Vl-h4Q®) 

V1 + 4Q*) 


so that the bandwidth is 


Q 2irRC 


(7-4) 


The product of the band center gain and the bandwidth, the 
gain4>andvndth product (cf. page 150), 


4(«o)Af=” (7-5) 

is a quantity of importance. It depends on the tube type, except 
for t^t part of C which is due to wiring. With good wiring C can 
be asfflgned a fairly constant value for each tube type, so that the 
^in-bandwidth product can be used as a figure-of-merit for each 
tube type. It has the value of approximately 67 for 6AC7’s 
(jBm = 0.009 mho, C = 25 micromicrofarads), and 66 for 6AK6’s' 
(Pni = 0.005 mho, C = 12 micromicrofarads), if / is expressed in 
megacycles. Thus if a single-tuned 6AC7 stage has a l^dwidth 
of 5 megacycles, its voltage gain is limited to approximately 11. 

Following the treatment given by Wallman,^ it is convenient to 
make the following substitutions in the above equations: 


2irC 

iS — A(«) 

0m 

(7-6) 

dissipation factor ~ — 

Q 

(7-7) 


* H. WalliSMi, BsduttioB labcmtory Report 6S4» Fd>. 1944. 
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If in addition the ratios ///o and /o// are replaced by / and 1// re- 
spectively, which amounts to taking the center frequency equal to 
unity, equation 7 -2 takes the simple form 


j8 = 



(7-8) 


which may be termed the normalized gain function for a single- 
timed circuit. The amplitude function is 


— Hiv 

(7-9) 



and the phase angle is 

At the band center 

1 0 |iuax = “ 

d 

(7-10) 

(7-11) 


The gain-bandwidth factor, \ /3 |mox Af» is the gain-bandwidth prod- 
uct (equation 7-5) expressed in units of ^m/2irC, and obviously 


has the value unity. 



stage having diasipataon factor •> 0.1. 

Figure 7 -3 shows the quantities | jS | and 0 as functions of / for 
a single-tuned stage having d » 0.1, a value typical for i-f ampli- 
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fiers using 6AC7’s or 6AK5’s and tuned to approximately 30 mega- 
cycles. 

Cascaded Single-Tuned Stages 

If n identical synchronously® tuned single-tuned stages are 
cascaded, the overall gain function is simply the product of the 
individual gain functions, since the tubes effectively isolate the 
coupling networks from each other. Thus the gain function for 
such a system is 



The overall bandwidth is 

Afn = iy/2 A/ (7-13) 

Values of Afn/Af are given in Table 7*1. It is evident that the 
overall bandwidth becomes smaller relative to the single-stage 
bandwidth as the number of stages increases. Since the product 
of stage gain and stage bandwidth is constant, this means that, 
for a given tube type and a given overall gain, there is a maximum 
bandwidth which can be obtained no matter how many stages are 
employed. For 6AC7’s and an overall gain of 10®, this maximum 
occurs for 23 stages and is only 6 megacycles. A larger number of 
tubes giving the same overall gain would lead to a smaller overall 
bandwidth. 


Table 7*1 Ratio of Overall Bandwidth op Cascaded Single-Tuned 
Stages to Single-Stage Bandwidth 


n 

A/n/Af 

n 

^fn/Af 

1 

1 

6 

0.35 

2 

0.64 

7 

0.32 

3 

0.51 

8 

0.30 

4 

0.44 

9 

0.28 

5 

0.39 

00 

0 

The appropriate figure of 

merit for a 

multistage amplifier, 


analogous to the gain-bandwidth factor for a single stage, is the 

* Synchronously tuned stages are stages which are tuned to the same fre- 
quency. 
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sta^e gain-overaU bandwidth /ador, which in the case of n syn- 
chronous single-tuned stages is the quantities listed 

in Table 7-1 [since the stage gain = 

The response of a single-tuned stage and of six cascaded syn- 
chronously tuned stages of different bandwidths to a pulse of i-f 
oscillations having a rectangular envelope is illustrated in Fig, 5*3. 


7*2 STAGGER TUNING OF SINGLE-TUNED STAGES 

The data of Table 7 • 1 indicate that it is not practical to achieve 
bandwidths in excess of 2 or 3 megacycles in high gain i-f amplifiers 
with synchronously tuned single-tuned stages. One of the most 
satisfactory methods of increasing the bandwidth without de- 
creasing the overall gain is to ‘‘stagger^^ the tuning of the individual 
stages (that is, to cascade stages which are tuned to different fre- 
quencies). It can be shown ^ that the problem reduces to adjusting 
the center frequency and the dissipation factor of each stage so 
that the amplitude function has the form 

instead of the fonn 


r / iK2-|n/2 

corresponding to equation 7 • 12. An amplifier with the amplitude 
function 7-14 is called an exact-staggered n-tuple; the maximum 
gain is 

I fin [max = ~ (7 * 16) 

and the stage gain ® is 1/8, so that the stage gain-overall bandwidth 
factor is unity, as it is for a single single-tuned stage. 

* H. Wallman, Radiation Laboratoiy Report 524, Feb. 1944; Eledramca, 21, 
100 (May 1948). 

* In a staggered i^tuple amplifier the gains of all the stages are not equaL 
The stage gain is defined as the ge^netric mean of the individual gains at 
overall band center. 


l^nl 


j2« ^ 






n . 1 
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The synthesis of the amplitude function 7 • 14 is an important 
result since it shows how to cascade simple single-tuned stages to 
get the requisite high gain without any sacrifice in overall band- 
width. This synthesis leads to the results given in Table 7*2 for 
n « 2 and 3. 


Table 7 *2 Synthesis of Exact-Staggered w-Tuples 
Center frequency « /o; overall bandwidth = Af; Af/fo = B 
n Component Single-Tuned Stages 

2 (staggered pair) Two stages of dissipation factor d, tuned to afo and 

fo^a where 

^ 4 -f 52 _ V16 -j- 6^ 



and 

1 J + (i2 = 

3 (staggered triple) Two stages of dissipation factor d, tuned to fo/a. 

One stage of dissipation factor 6, tuned to fo where 



and 


d2 = 


4 + ^2 _ 4g2 ^ g4 

2 



+ « 52 


It will be noted that the individual stage gains are not specified in 
the table. The maximum gain which can be obtained from each 
stage is limited by the gain-bandwidth product of the tube type 
used, so that the maximum overall gain of the amplifier is of course 
also limited. However, it is an important fact that the shape of 
the overall amplitude curve is independent of the gain of the indi- 
vidual stages, so that any of the stages may be gain-controlled 
(page 260) at will. 

To obtain high gain amplifiers having bandwidths not much 
greater than 10 megacycles, with fo = 30 megacycles, one usually 
cascades three or four sets of identical staggered pairs or triples. 
If the individual stages are adjusted, according to the theoretical 
requirements, to the proper dissipation factors^ and center fre- 

* It k found that the load resistors have to be somewhat larger than calcu- 
lated because of the loading effect due to tube input resistance and coil resist- 
ance. The values are chosen expeiimentally to give the proper disedpation 
factors. 


232 



quencies, the amplifier is bound to have the desired properties, 
provided there is no interaction between the stages. The overall 
amplitude function for m exact-staggered n^tuples is 


I Pmii ~ I — 


Therefore the bandwidth is 


r / 

1 \2n-iw/2 




(7-17) 


(7-18) 


From this expression one can see what value of 6 is necessary to 
give the desired overall bandwidth. 

Figure 7*4 illustrates how the individual stages in a staggered 
triple combine to form a wide, flat-topped amplitude curve. The 
properties of the individual stages arr indicated in the figure. 
For convenience, the stage gain at band center has been set equal 
to unity; in this case, the result of stagger timing which should be 
noted is that the overall bandwidth is 9 megacycles, whereas if 
three cascaded stages like the center one were S3mchronously 
tuned the overall bandwidth would be only 4.6 megacycles. Ob- 
viously, if the stage gain were greater than unity the overall curve 
would no longer coincide with the curve for the center stage at 
the band center. 

Figure 7 • 6 shows the amplitude curve for an amplifier composed 
of three exact staggered triples centered at 30 megacycles, and 
iaving a bandwidth of 10.6 megacycles. This amplifier, designed 
by H. Logemann of the Radiation Laboratory, has a gain of 108 
decibels, or a stage gain of 12 decibels. The figure illustrates the 
excellent agreement between predicted and observed behavior to 
be expected in setting up a stagger-tuned amplifier. 

The sharp ^'skirts'' evident in Fig. 7 • 4 and 7 • 5 are characteristic 
of stagger-tuned amplifiers. The increased 3-decibel bandwidth 
is obtained at the expense of gain outside the band, so that the drop 
in gain at the edges of the band is rapid. This rapid drop is in- 
evitably accompanied by rapid changes in phase shift, so that a 
signal which includes a wide range of frequencies suffers consider- 
able distortion on passing through the amplifi^. Wallman ^ has 
shown that for high-Q staggered n-tuples, for which the normalized 

’ H. Wallmati, Radiation Laboratoiy Report 524, Feb. 1944. 
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Gain 




amplitude function is of the type 1/ VT+^, where x ^ f - fo, 
the response to a step voltage is such that overshoots of 0, 4.3, 8.1, 
10.9, 12.8, and 14.3 per cent are obtained with n ~ 1, 2, 3, 4, 5, and 



Megacycles 


Fig. 7*6 The amplitude curve for a ninenstaEse amplifier consisting of three 
exact-staggered triples and having an overall gain of 108 db. The curve is 
the predicted curve, and the circles represent measured values. 


6, respectively. It is to be noted that this same limitation arises 
with other types of amplifiers having stage gain-overall bandwidth 
factors comparable to that of the staggered n-tuple. 


7-3 DOUBLY TUNED AMPLIFIER STAGES 

More complicated coupling networks than that of Fig. 7 • 1 find 
application in tuned amplifiers. A doubly tuned transformer- 



Fig. 7*6 Schematic diagram, neglecting d-c returns, of a doubly tuned 

amplifier stage. 

coupled network is shown schematically in Fig. 7*6. In most 
cases Li and L 2 chosen to resonate with Ci and Cg, respectively, 
at the same frequency. In amplifiers tuned to high frequencies 
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Cl and C 2 are usually the distributed capacities of the primary 
and secondary circuits. It can be shown that for high-Q circuits 
having equal primary and secondary Q's adjusted to critical 
coupling,® the gain-bandwidth factor is V2; if one side of the cir- 
cuit is loaded, the factor is increased to 2. Because of this fact, 
doubly tuned coupling networks are widely used. In general, an 
amplifier composed of cascaded doubly tuned stages is considerably 
more difficult to adjust than is one of equal stage gain-overall 
bandwidth factor made up of staggered pairs or triples. 


7-4 TUNED AUDIO AMPLIFIERS EMPLOYING THE TWIN-TEE 

NETWORK 

The principles of stagger tuning outlined above apply as well 
to audio amplifiers as they do to i-f amplifiers, provided only that 
the gain function for each of the staggered units approximates that 
for a single-tuned circuit. The use of LrC tuned circuits, especially 
at low audiofrequencies, is frequently inconvenient because of the 
difficulty of obtaining suitable components and because of the 
danger of magnetic pickup. It has been found ® that a gain func- 
tion sufficiently close in character to that of a single-tuned Lr-C 
circuit can be obtained by using frequency-dependent inverse 
feedback supplied by an R-C network such as a Wien bridge or a 
twin-tee filter.^® This fact has been applied ® to the design of band- 
pass audio amplifiers having amplitude fimctions difficult to ob- 
tain by other means. 

The twin-tee network is shown in Fig. 7-7, together with its 
amplitude and phase characteristics, derived from the expression 
for the transmission characteristic: 

*H. Wallman, Radiation Laboratozy Report 524, Feb. 1944, p. 7. See 
also J. G. Brainerd, G. Koehler, H. J. Reich, and L. F. Woodrufi, VUrorHigh 
Frequency Techniqueet D. Van Nostrand, 1942, p. 143; F. £. Terman, Radio 
Engineers* Handbook^ McGraw-Hill Book Co., 1943, pp. 154 and 436. 

* (a) R. Walker and H. Fleisher, Radiation Laboratory Report 737, May 
1945; (b) R. M. Ashby, F. W. Martin, and J. L. Lawson, Radiation Labora- 
toiy Report 914, March 1946. 

» H. BL Soott, Proc. LB.K, 226 (1938). 
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0)0 o) 

where cao^R^C^ = 1. Since the output of a perfect twin-tee net- 
work vanishes at a>o, an amplifier with a negative feedback loop 
containing such a filter will have a gain which is a maximum at wo* 


7? » « 2/?2 

C=C,«C2/2 

(a) 




K>4HH12345 


W/Wp 

Cc) 

Fig. 7 * 7 The balanced twin-tee network and its amplitude and phase charac- 
teristics. (a) Diagram of the network; (&) amplitude transmission character- 
istic; (c) phase Uansmission characteristic. 
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Consider the simple case in which the output E 2 of an amplifier 
having a real voltage gain /x (Fig. 7 * 8) is fed to a twin-tee network, 



Fio. 7 '8 Block diagram of an amplifier having a twin-ice filter in a feedback 
loop. If the feedback is degenerative, the gain of the amplifier is maximum 
at the null frequency of the twin-tee. 


and the output of the latter is subtracted by a suitable mixer from 
the input signal Ei, We have 

E2 “ y^iMx — ^^2) 
so that the gain A of the system is 


^ 

El 1 + fill 


(7-20) 


At « = «o, = 0 and Ao = m- If we define the Q of the circuit in 

the same way as for a single-tuned circuit, that is 


COo 

Q = (7-21) 

(02 — (Ol 

where a>i, (02 are the angular frequencies corresponding to half- 
power output, we can evaluate Q by finding the frequencies for 
which 

2 

In this way it is foimd that, if m ^ 1, 

0-7 (7-22) 

4 

The characteristic of the twin-tee itself is such that the half-power 
bandwidth is 4<«>0‘ Thus we see that the of the twin-tee is 
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increased by the factor n when it is used in a feedback loop. Since 
values of m of several hundred are easily obtained, it is evident 
that high values of Q may be realized. 

It is interesting to point out that by a suitable small off-balanc- 
ing of the twin-tee network [i 22 (^i/2)], so that a null is not 

obtained and the output near wo is regenerative, a moderately 
stable circuit can be obtained which has a Q of many thousands 
even at very low audiofrequencies. 

It is readily seen that if the output of the systcim in Fig. 7-8 is 
taken from the output side of the twin-tee, i.e., is equal to pE 2 j the 
gain varies between unity (if m ^ 1) at frequencies far from wo/27r 
and zero at/o == wo/27r. Thus the circuit can be used as a rejective 
amplifier, and we again have a half-power bandwidth given by 

4a>o 

0)2 — o>i = — (7 • 23) 

M 

The circuits shown in Fig. 7*9 illustrate two practical 
methods of incorporating a twin-tee network in a feedback loop. 
The first of these circuits is composed of a so-called ‘^cascode'^ 
amplifier with plate-to-cathode direct coupling. The latter circuit 
has the important feature of using direct coupling throughout the 
feedback loop so that there is strong degeneration at zero fre- 
quency, thereby giving excellent circuit stability. Stagger-tuned 
amplifiers made up of several such sections have been found to 
have overall amplitude functions approaching very closely to 
what one would expect on the basis of the treatment given earlier 
in this chapter. Truly remarkable gain characteristics can be 
obtained; for example, a characteristic centered at 16.5 cycles, 
essentially flat between 15 and 18 cycles, and 45 decibels down at 
13 and 21 cycles was obtained by the use of a staggered quin- 
tuple. 

For some purposes it may be desired to have a selective amplifier 
of this general type which at the same time is linear and very stable 
(that is, has a performance only very slightly affected by sup- 
ply voltages and tube characteristics). Such a result^-*® is ob- 

R. Walker and H. Fleisher, Radiation Laboratory Report 737, May 1946. 

“ R. M. Ashby, F, W. Martin, and J. L. Lawson, Radiation Laboratory 
Report 914, March 1946. 

i> J. M. Sturtevant, Rev. Set. InetrumerUe, 18, 124 (1947). 
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tained by paralleling the frequency-dependent feedback with 
frequency-independent feedback, so that considerable degenera- 
tion will be present even at wo* In this way a circuit is obtained 
whose band center gain and Q are determined almost entirely by 
the values of a few resistors. 



Fzq. 7-9 Circuit diagraxns illustrating two methods which have been used 
for including a twin-tee network in a feedback amplifier. 

PROBLEMS 

7 • 1 Derive equation 7 • 1 expressing the impedance of the coupling net- 
work of a simple single-tuned amplifier stage. 
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7»2 Derive equations 7* 13 and 7*18 from the respective functions given 
in equations 7 • 12 and 7 • 17. 

7*3 Show that the irnsection of Fig. 7*10 is equivalent to the T-section 
if the impedances are related by the expressions 

^ Z% — J:, 4 . i L* 

(Assume an impedance Z across the output terminals of each section and com- 
pute the resulting impedances looking into each section.) 



Fig. 7 • 10 The ir- and T-sections are equivalent when 
Zi ^ z^ ^ Zz ^ J. I J_ , ^JL 


7 • 4 Use the result of Problem 7 • 3 to derive the expression for the trans- 
mission of a twin-tee network given in equation 7 • 19. 

7*5 Compute the tuned frequencies and bandwidths of the three stages 
of an exact-staggered triple with a center frequency of 100 cps and a band- 
width of 30 cps. Sketch the three individual and the overall amplitude 
functions. 
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AMPLIFICATION OF 
VERY WEAK SIGNALS 


The amplification of very weak a-c signals involves complica- 
tions which are not encountered with signals having amplitudes of 
the order of millivolts or volts. It might be supposed that one 
could handle a signal of arbitrarily small amplitude simply by 
cascading a sufficient number of amplifier stages of the types 
discussed in Chapters 5 and 7, or in the very voluminous literature 
on amplifiers. However, a fundamental limitation is imposed here 
because electrical currents are carried by electrons which, at ordi- 
nary temperatures, always have random thermal motions super- 
imposed on any steady motion resulting from the application of 
an electric field. These thermal motions give rise to finite ran- 
dom voltages called noiaCy and in any amplifier the useful limit of 
gain is reached when the output contains such noise voltages in 
appreciable amplitude. 

A secondary complication in the design of amplifiers for handling 
very weak signals arises from the ever-present danger of accidental 
coupling between high level and low level stages. Such coupling, 
which may result from the common power supply, or from ground 
currents in the chassis, or from a variety of other causes, will in 
general lead at best to unpredictable performance, and at worst to 
oscillation. 

Noise also limits the useful amplification which can be applied 
to d-c signals. In most applications involving small d-c signals it 
is found to be more satisfactory to convert the d-c signal to an a-c 
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signal, by means of some sort of mechanical switching device/ 
before amplification, rather than to run into the difficulties inher- 
ent in a high gain d-c amplifier. 

The signal returned to a radar by scattering from a small target 
such as an aircraft at a distance of scores of miles represents a peak 
power of an extremely small fraction of a watt (cf. page 322)* It 
is obvious that, since the noise in the receiving system defines the 
smallest signal which can be detected, it is of the greatest impor- 
tance to investigate carefully all sources of noise with a view to 
minimizing their effect. The handsome returns which may result 
from such investigation are well illustrated by the development in 
microwave receivers which took place between 1942 and 1945. 
By constant attention to the noise problem, crystal mixers (page 
251) and intermediate frequency amplifiers were improved in this 
interval so much that in 1945 signals with only about one-sixth 
the power required for detection by the earlier receivers could be 
detected. Obviously this improvement in the receiver increases 
the overall performance of a radar as much as would a sixfold in- 
crease in the transmitter power, and with an incomparably smaller 
increase in the cost, weight, and complexity of the system. 

Our consideration in this chapter of the problems inherent in 
the amplification or detection of small signals will in the first place 
be concerned with a discussion of noise and its origins. We shall 
then discuss in some detail the various types of systems which 
have found application in the detection of weak microwave signals. 
In this connection, some attention will be given to various factors 
which affect the visibility, on a cathode ray tube screen, of the 
pulsed video signals derived from microwave signals, in the pres- 
ence of noise and in the presence of other types of interference. 


8-1 NOISE 


Thermal Noise in a Conductor 

The random thermal motions possessed by the electrons in a 
conductor at temperatures above absolute zero give rise to random 
voltages between the terminals of the conductor, in addition to 

1 M. D. liston, C. E. Quinn, W. E* Sergeant, and G. G. Scott, Uev. Sci. 
InBtrumente^ 17, 194 (1946). 
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any voltage resulting from a uniform motion due to an applied 
electric field. Johnson* and Nyquist* have shown that these 
voltage fluctuations have a mean square value in the frequency 
range fi to /2 given by 


= ^kTj^^Rdf ( 8 - 1 ) 

where k is Boltzmann^s constant (1.374 X 10“"^® joule per degree 
Kelvin), T is the absolute temperature (degrees Kelvin), and R 
is the resistive component of the impedance of the conductor. If 
R is independent of frequency, integration gives 

¥ ^ 4^kTRif2 - fi) (8-2) 

It is evident that the noise developed in a pure resistance is dis- 
tributed uniformly over the entire frequency spectrum, since only 
the difference /2 — fi occurs in equation 8*2. 

It is convenient to consider a resistor £ as a generator character- 
ized by an available noise power available power being defined 
as the nutximum amount of power which can be transferred from 
the generator to a load. Since the maximum power transfer takes 
place when the load impedance is the complex conjugate of the 
generator impedance, the available noise power is 

Pn^kT(j2-fi) (8.3) 

The available noise power has the.consrenient property that it is 
independent of resistance. At ordinary temperatures (300®K) it 
has the value 4 X watt per megacycle. 

Granular resistance units such as carbon resistors have available 
noise powers far exceeding the value indicated above when they 
are carrying direct currents. Such resistors should therefore never 
be used in the low level stages of amplifiers. 

Tube Noise 

Noise is developed in vacuum tubes by several^ causes. 

(a) The so'^atlled shot effect is due to randomness in the time and 
velodty of departure of electrons from the cathode. It becomes 

* J. B. Johnson, PAys. Ba>., 8S, 97 (1928). 

• H. Nyquist, Oid., 82 , 110 (1928). 
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most pronounced under conditions of temperature-limited emis- 
sion (that is, when all the electrons emitted by the cathode reach 
the plate). It is easy to see in a rough way why this is so, for 
under conditions of space charge limitation of the tube current 
a large excess of electrons is emitted by the cathode which do not 
reach the plate and which cause a smoother statistical average of 
tube current because of their interactions with the electrons which 
finally do reach the plate. 

As might be expected, the shot-effect noise power is distributed 
evenly over the frequency spectrum, as is thermal agitation noise; 
this fact, together with the fact that the shot-effect noise p(ywer is 
directly proportional to the first power of the tube current, makes 
it possible to construct convenient noise ge/ifrators for measure- 
ment and testing purposes from temperature-limited diodos. 

(b) Partition noise results from random variations in the dis- 
tribution of the total cathode current b -'tween the plate and any 
other electrodes, such as the screen grid of a pentode, which are 
positive with respect to the cathode. Because of partition noise, 
the total noise power output of a pentode is some three to five 
times as large as that of a triode with the same amplification. 

(c) Induced grid noise results from currents induced in the grid 
circuit by shot-effect variations in the electron stream. 

Noise from all these sources is essentially evenly distributed over 
the frequency spectrum and may therefore be expressed in terms 
of an equivalent noise resistance. 

Tube noise in the low audiofrequency range also arises from the 
so-called flicker effect due to random changes in the emission char- 
acteristics of the cathode. Noise from this source may be many 
times larger than that from all other sources combined at very 
low frequencies. In our further discussion of noise we will restrict 
attention to those types which are uniformly distributed over the 
entire spectrum. 

Noise Figures 

The output of an ideally perfect amplifier contains no noise 
power over and above that due to amplification of the noise power 
supplied by preceding elements to its input terminals. We can 
therefore establish a figure of merit for an amplifier, which expresses 
its closeness approach to the ideal case as follows. Suppose that 
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there is connected to the input terminals of the amplifier an im- 
pedance equal to the complex conjugate of the input impedance of 
the amplifier, and the noise power developed in a properly matched 
load at the output terminals is measured. Then we may take as our 
figure of merit the noise figure of the amplifier, defined as the total 
available noise power output divided by the available noise power 
output over the pass band of the amplifier due to the input imped- 
ance: 

available noise power output 

NF^ — (8-4) 

kTG^^ A/ 

Here Omax is the maximum power gain, and A/ is the bandwidth 
defined by the expression 

Codf (8-5) 

It was mentioned on page 227 that the bandwidth defined in this 
way is nearly equal to the half-power or 3-decibel bandwidth for 
the types of band pass characteristics usually encountered in 
multistage amplifiers. 

It will be necessary for some of our later discussion to see how 
the overall noise figure of a system of cascaded units depends on 
the individual noise figures. Consider the case of two four-terminal 
units connected as shown in Fig. 8*1. The ideal signal generator 



Unit 1 Unit 2 

Fig. 8*1 Schematic arrangement for analyzing the noise output from two 
cascaded units, and for illustrating the determination of the overall noise 
figure of two such units. 

is a device which gives an output signal of known power which can 
be varied at will and can be reduced in value to the theoretical 
lower limit equal to the available noise power of its output re- 
sistance. The output signal may be either noise or a sine wave 
of the frequency which is amplified most by the two four-terminal 
tmits in cascade. It is assumed that all input and output imped- 
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ances are properly matched, 
we have, by definition, 

m)i 


For each of the four-terminal units 


iPn)i 

hTO,{Lf)i 


(8-6) 


where G^ is the maximum power gain of the ith unit. Noise figures 
are frequently expressed in decibels, which must of course be con- 
verted to numbers before use in the equations to be developed. 
For our later purposes we need only consider the case that (A/)i is 
so much greater than (A /)2 that the overall bandwidth of the sys- 
tem is essentially (A/) 2 . In this case, the portion of the output 
noise power at the meter which is due to the unit 1 and the noise 
power of the output impedance of the signal generator is 

(A/)2 

Poi = (Pn)iG2 77^ = m)ikTG,G2iAf)2 (8*7) 

(A/)i 

The portion due to unit 2 is, by definition, 

(P,)2 = (NF)2kTG2(Af)2 (8-8) 

Since the noise from the two sources is purely random in charac- 
ter, the noise powers add. However, the noise power due to the 
output impedance of unit 1 has been included in both Poi and 
(Prdz- Therefore the total noise power at the output meter is 

Pn = Poi + (Pn)2 ~ kTG2{AS)2 

= Poi + [(NF )2 - l]fcr(? 2 (A /)2 (8-9) 

If we represent the properties of the overall system by symbols 
without subscripts, 

= {NF)kTG{Af)2 (8-10) 

where 

G = Gi(?2 (8-11) 

then we have for the overall noise figure ^ 

(NF)2 - 1 

NF - {NF)i + ^ ^ (8 • 12) 

It is evident that not only should {NF)i and {NF )2 be made as 
small as possible, but Gi should be as large as possible. In order 
to minimis NF the overall bandwidth should be no greater than 
is necessary to reproduce properly the input signals. 
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The overall noise figure may be measured^ by introducing 
sufficient power from a signal generator (either in the form of 
noise or of a sinewave of the frequency at which the gain is max- 
imum) to double the indication of the output power meter, pro- 
vided, of course, the system is linear. A good approximation to an 
ideal signal generator is obtained by loosely coupling a real signal 
generator to the input terminals of unit 1 by means of an attenua- 
tor of the proper impedance. The attenuator prevents any appre- 
ciable noise power generated by the signal generator when it is 
turned from getting into the system. 


8*2 GENERAL REAAARKS ON RADAR RECEIVERS" 


The function of a receiver is to change the very small modulated 
radiofrequency signals delivered by the antenna to audio- or video- 
frequency signals of usable amplitude. A receiver thus primarily 
involves circuits for amplification and demodulation. The quality 
of a receiver is usually stated in terms of its selectivity , sensitivity ^ 
and fidelity. 

The selectivity of a communications receiver is ordinarily under- 
stood to be a measure of the ability of the receiver to reject dis- 
turbances at frequencies other than the desired signal frequency. 
The problem of extraneous signal rejection in radar receivers is, 
however, somewhat different from that encountered in communica- 
tions and television practice, since in the radar case interference is 
nearly always the result of signals occurring so close to the radar 
frequency that very little can be accomplished by improving the 
selectivity of the receiver. Thus a radar receiver should be 
judged more by its ability to continue to deliver intelligible infor- 
mation to the radar indicators in the presence of on-frequency 
interfei%nce rather than by its selectivity in the usual sense of the 
word. 

The sensitivity of a radar receiver is in nearly all cases deter- 
mined by its noisiness, since most receivers have sufficient amplifi- 
cation to give appreciable noise outputs in the absence of any 

♦ y. Beers, Radiation Laboratory Report 746, July 1946. 

* L. W. Morrison, Rett System Tech. 26, 698 (1947), has given a very 
interesting discussioD of radar receivers, including indicators. 
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received signal. The limitation of sensitivity by noise has been 
discussed in the preceding section. 

The fidelity of a receiver determines how closely the output 
signals resemble the modulation envelope of the received r-f car- 
rier. In radar receivers we are generally concerned with amplitude 
rather than frequency modulation, with modulation envelopes 
approximating rectangular pulses in shape; adequate detection of 
such envelopes depends more on receiver bandwidth and phase 
shift than on linearity of amplitude response, so that the latter 
consideration is relatively unimportant except as it may influence 
the signal-to-noise ratio in the early stages of the receiver. As a 
matter of fact, non-linear amplitude response in the form of limit- 
ing is customarily introduced in radar receivers. 

Types of Microwave Receivers 

Receivers employed in microwave radar applications are of 
three main types, which differ with respect to the frequency re- 
gion within which most of the necessary signal amplification is 
achieved. Superb-regenerative receivers employ a regenerative r-f 
amplifier, the oscillations in which are quenched at intervals about 
equal to the width of the pulses to be detected. Superheterodyne 
receivers convert the modulated r-f signal to a similarly modulated 
signal at a relatively low frequency, usually about 30 megacycles, 
before amplification. Crystal video receivers detect the modula- 
tion signals and amplify the resulting video signals. 

The majority of microwave radar receivers are of the super- 
heterodyne type, and we will therefore restrict attention to this 
type. 


8-3 SUPERHETERODYNE RECEIVERS 

A block diagram for a typical microwave superheterodyne 
receiver is given in Fig. 8 *2. The modulated r-f signals from the 
antenna and continuous wave (c-«?) energy from the local oscillator 
LO are mixed by the crystal mixer (first di^tector). The LO is a low 
power tunable oscillator such as a klystron (page 62). The re- 
sulting difference frequency is amplified by the intermediate fre- 
quency (i-f) amplifier to a level suitable for detection (demodula- 
tion) by the second detector. In systems where it is necessary to 
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have the main body of the receiver located at some distance from 
the antenna, the first two or three stages of the i-f amplifier are 
contained in a pre-amplifier near the antenna. The pre-amplifier 
output is matched, usually by a cathode follower stage (page 300), 
to a low impedance cable leading to the main i-f amplifier. The 
video output from the second detector is further amplified before 
distribution to the radar indicators. 

In general, the chief advantage geined by heterodyning the r-f 
signal to a fixed intermediate frequency is that the bulk of the 
amplification can be achieved in a fixed-tuned amplifier, which 



Fig. 8 '2 Block diagram of a microwave superheterodyne receiver. 

can be accurately lined up and then needs no further operator 
attention. The superheterodyne is particularly important in the 
microwave region because there are as yet no satisfactory low level 
r-f amplifiers at these frequencies. The receiver is tuned by 
adjusting the frequency of the local oscillator, together with occa- 
sional tuning of the frequency-sensitive parts of the r-f system. 
Usually the r-f tuning is broader than the LO tuning and therefore 
needs less attention. 

At frequencies below the microwave region the first detector 
may be preceded by one or more r-f amplifier stages, and a vacuum 
tube mixer may replace the crystal mixer. Among the advantages 
gained by employing r-f amplification are improved image /re- 
qaency rejection, improved signal-to-noise ratio, and prevention of 
the radiation of IX) power. The image frequency is separated 
from the desired signal frequency by twice the intermediate fre- 
quency and is located on the opposite side of the IX) frequency, so 
that it is received as well as the signal frequency by a superhet- 
erodyne receiver having no r-f stages. An improvement in signal- 
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tonoise ratio results because mixers are relatively noisy, so that 
it is advantageous to perform the mixing operation at a higher 
signal level than is possible without r-f amplification. 

Crystal Mixer 

The crystal mixer in most cases consists of a tungsten ‘'cat- 
whisker^^ contacting a crystal of silicon, together with suitable 
connections and matching elements for introducing signal and LO 
power and removing i-f power. The use of such crystals as recti- 
fiers for detecting moderately high level r-f signals has been dis- 
cussed in Chapter 4. The tungsten-silicon contact has a non- 
linear current-voltage characteristic which can be expressed in the 
form 

i = die *4“ -]-••• (8 • 13) 

If a voltage containing two or more frequencies is impressed on 
the crystal, the current flowing through it will contain, in addition 
to other frequencies, the difference between the two input fre- 
quencies. Suppose the r-f carrier is amplitude-modulated with a 
single frequency, w* <K oje, where Wc is the carrier (angular) fre- 
quency. Then e is of the form 

e = Ec{l + rn cos co«0 cos wef + J?lo cos 

if we neglect phases; « lo is the LO frequency. The crystal current 
is then 

i = a 2 EcE Lo(l + m cos «,<) cos (wc — wlo)^ 

+ additional terms (8 • 14) 

The additional terms in this expression are d-c terms and terms 
having frequencies far removed from the i-f, except for certain 
terms involving <ac — <aLo which arise from the fourth and higher 
terms of equation 8*13; if a 4 ,* • -are small, these additional terms 
will be small. If «« ^ (wc — w lo) ^ the i-f system will be able 
to amplify only the first term in equation 8*14; the mixer will 
thus produce across an impedance in series with it an i-f voltage 
proportional in magnitude to the original r-f signal and modulated 
to the same extent. This result still holds if cos (agt is replaced by 
a series of terms representing the Fourier expansion of a compli- 
cated modulation signal. 
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A typical microwave crystal mixer for use at 10 centimeters is 
illustrated in Fig. 8-3. The coupling loop is inserted directly into 
a cavity gas switch or box” (page 134). LO power is intro- 
duced through the sidearm, by means of a variable capacitive 
coupling. A cup following the crystal serves as an r-f filter, the 
capacitance between this cup and the outer conductor constituting 
essentially an r-f short. It is to be noted that the mixer is fixed- 
tuned. Slightly better results could in principle be obtained with 



Fia. 8 • 3 Cross-scctional view of a nxed-tuned coaxial mixer for use at wave- 
lengths of 9 to 11 cm. The coupling loop is designed to fit into a TR cavity. 


some crystals by including a tuning device because of the variation 
in crystal impedances, but experience has shown that in actual 
practice it is better to sacrifice this small gain in order to avoid the 
possibility of severe loss of performance resulting from improper 
tuning. 

Mixers for use at frequencies higher than 3000 megacycles are 
usually of the waveguide rather than the coaxial type. In such 
mixers the crystal is mounted in waveguide parallel to the electric 
field. 

Mixer Noise 

It is found experimentally that there is no significant source of 
noise preceding the mixer in a microwave receiver except for the 
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unavoidable resistive component of the antenna circuit impedance. 
It is therefore of prime importance to keep the mixer noise as low 
as possible. In general the bandwidth of the mixer is enough 
larger than that of the i-f amplifier so that the analysis given on 
page 246 for two cascaded noisy units applies. Equation 8-12 
expresses the overall noise figure for such a system in terms of the 
individual noise figures and the gain of the first unit, in this case 
the mixer. The noise figure of a crystal is customarily expressed 
in terms of its noise temperature^ defined by the expression 


(Pn)l 

m^f)i 


(NF)iGi 


(8.15) 


The gain fimction of a ciy^stal which is of importance here is its 
conversion gain, 

i-f power output from crystal 

0i ~ (8*16) 

r-f power input to crystal 
Equation 8.12 can then be written in the form 


NF 


f. 4 - (NF)2 - 1 

0i 


(8*17) 


where (NF )2 is the noise figure of the i-f amplifier. A good crystal 
(type 1N21-C) for use at 10 centimeters has Gi = 0.28 (—6.5 
decibels) and tn = 1.5. 

At frequencies much above 3000 megacycles rather serious noise 
contributions may be made by the local oscillator itself. Noise 
from this source can be much decreased by using a balanced mixer. 
One form of balanced mixer, employing a waveguide magio-tee 
(page 139), is represented in Fig. 8-4; the arrows in the figure 
indicate the direction of the electric field in each arm. Consider 
the simplified case in which the LO output contains a term of 
(angular) frequency wn in addition to the main term of frequency 

Blo = iS'Lo(cOS (a Lot + OLn COS «n0 


if we neglect phase differences, which are of no importance in our 
argument. If the crystal arms of the magic-tee are equal in length, 
the voltage at crystal A is, aside from phases, 

eA oc Ec(l + m cos co,0 cos + EioioosoiLot + ccn cos a>„0 
and that at crystal B is 

es oc — jB<,(l + m cos wj) cos + Elo(oob + «n cos <ant) 


253 



Because of bandwidth restriction in the r-f circuit the voltage of 
frequency «n can appear at the crystals only if wn « The 



Fig. 8-4 Representation of a magic-tee balanced mixer. 


currents developed in the crystals contain terms in the i-f region as 
follows: 

U oc EcElo(^ + w cos cos («c — (aLo)t 

+ anEcE Lo(l + w cos Oist) cos (wc — 

+ UnELO^ cos (wLO ~ 

OC —EcEloO- + W COS cast) COS (wc — (*> Lo)t 

— OtnEeELoO' + W COS &)«<) COS (cOc — a)n)< 

+ anELO^ COS {u)LO 

If the voltages developed across impedances in series with the crys- 
tals are applied in push-pull fashion, for example by a center- 
tapped input transformer, to the i-f amplifier, it is evident that 
the first two terms in u and is will add, while the third terms will 
cancel. If on 1, the second terms will not add significantly to 
the i-f output; since in general Ejjoy>Ee, the third tenns mig^t 
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be of appreciable amplitude in comparison with the first terms, 
but it is these terms which are cancelled. This reasoning applies 
if Q)n is replaced by a spectrum of noise frequencies. 

bF Amplifiers 

I-f amplifiers are tuned amplifiers of six to twelve stages with 
gains of the order of 120 decibels (voltage gain 10®). The tuned 
frequency is in most cases close to 30 megacycles. Thirty mega- 
cycles is a convenient intermediate frequency for the following rea- 
sons. (a) It is low enough so that ordinary receiving-type tubes 
and circuit components can be used. (6) It is high enough so that 
there is no difficulty in obtaining video signals from the second 
detector which are free of the i-f carrier, (c) Thirty megacycles 
is high enough so that ample bandwidth for the amplification of 
pulsed signals can be obtained, and coupling networks having 
short time constants can be employed. The latter consideration 
is important in securing quick recovery from the paralyzing effect 
of signals causing hesvy overloading. 

Since the gain of a crystal mixer is less than unity, much more 
attention has to be paid to noise developed in the input stages of 
the i-f amplifier than would otherwise be necessary. Until rather 
recently i-f amplifiers have employed 6AC7 or 6AK5 pentodes for 
all stages, though it was realized that a pentode is inherently more 
noisy than a triode with the same gain, because of partition noise 
(page 245). Triodes were not used because of the large input 
capacitance which results from plate-grid coupling through the 
interelectrode capacitance; this capacitance leads to poor per- 
formance at frequencies as high as 30 megacycles. A typical 
coupling between the mixer and the first i-f stage is illustrated in 
Fig. 8*5. It has been found that the signal-to-noise ratio is some- 
what improved if there is a carefully chosen impedance mismatch 
at this point. As indicated in the figure, provision is included for 
measuring the d-c crystal current resulting from rectification of 
the LO signal. This current serves as a convenient indication as 
to whether the LO is actually oscillating, and as to the amount of 
LO power being coupled into the mixer. In order to have as little 
variability as possible in the mixer impedance at the i-f input 
terminals, a short length of coaxial line for connecting the i-f 
amplifier to the mixer is permanently fixed to the i-f chassis. 
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Center frequency 30.0 me 35.3 me 25.6 me 35.3 me 

Banciwidth 7.0 me 3.9 me 3.1 me 3.9 me 
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Within the last few years it has been found possible to take 
advantage of the low noise characteristics of triodes without en- 
countering diflSculties because of instability due to their grid-plate 
capacity. One input circuit,® employing a triode-connected 6AK5 
and a W6, is shown schematically in Fig. 8-6. The load imped- 
ance of the first tube, amounting to about 200 ohms, is presented 
by the cathode of the second tube; stability of the first tube results 

100 0 (about 100 V) 



Fia. 8*6 Diagram of a grounded-cathode grounded-grid dual triode input 
for a 80-mc i-f amplifier. This input circuit has a noise figure about 3 db 
lower than a conventional pentode input. 

from this low impedance. The second tube is stable in operation 
because its grounded grid shields the input (on the cathode) from 
the output. The neutralizing coil between plate and grid of the 
first tube confers extra stability which actually is not needed; this 
coil, however, is useful in helping to maintain high output imped- 
ance for the first tube, which in turn can be shown to result in 
making the noise contribution of the second tube very small. 
The gain of the combination is approximately the (triode) trans- 
conductance of the first tube times the load impedance of the 
second tube. This input circuit gives an i-f noise figure approxi- 
mately 2 decibels lower than that ordinarily obtained with i-f 
amplifiers having pentode input circuits, 

^ C. P. Gadsden, Radiation Laboratory Report 899, March 19^. 
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Figure 8*6 shows the schematic diagram for a typical i-f am- 
plifier,^ consisting of two cascaded stagger-tuned triples (cf. 
Chapter 7) and having an overall bandwidth of the order of 8 
megacycles. It is an engineering accomplishment of no mean 
proportions that i-f “strips'^ such as the one illustrated have been 
produced in large quantities by production line methods at sur- 
prisingly low cost per unit. 

Receiver Noise Figures 

I-f amplifiers employing pentode inputs have noise figures of 
the order of 3 to 4 decibels. With a triode input, this may be re- 
duced to 1.5 decibels. (An i-f amplifier has been reported which, 
with selected tubes, gave a noise figure of 0.4 decibel!) If, in equa- 
tion 8 • 17, we use the values of Gi and tn given on page 253 for a 
1N21-C crystal, and (NF )2 = 1.5 decib(‘ls, we obtain 8.5 decibels 
for the overall receiver noise figure. This is to be compared with 
values in the neighborhood of 16 decibels, which were considered 
good in 1942. 

Receiver Gating 

For some purposes it is necessary to have a receiver inoperative 
except for a selected interval during each radar repetition interval. 
For example, in a radar which controls the aiming of an anti- 
aircraft gun (Chapter 11) unwanted information from targets 
other than the aircraft being ‘'tracked^’ is prevented from reach- 
ing the tracking and computing circuits by gating the receiver so 
that it can detect a signal only during a short interval of time cor- 
responding to the distance of the aircraft from the radar. 

Receiver gating can be accomplished either in the i-f or video 
section. In either case one or more stages are made normally 
inoperative by reducing the plate or screen voltages, or by making 
the suppressor or control grid voltages negative or the cathode 
voltage positive, enough to cut the stages off. At the desired 
time a rectangular voltage pulse (Chapter 5) of appropriate dura- 
tion and amplitude is applied to bring the tubes into the conduct- 
ing region. In general an i-f amplifier is not able to amplify the 
frequencies contained in the gating pulse, so that the pulse does 
^ This amplifier was desigaed by Y. Beers of the Eadiation Laboratory. 
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not produce any disturbance at the receiver output. On the other 
hand, if a video amplifier is gated, the gate pulse will produce a 
so-called pedestal at the output on which the amplified signals will 
ride. This pedestal may be desired under some conditions; if the 
gated signals must be free of any pedestal, compensation may be 
arranged. This is done by having the plate current, which is 
carried during the gate by a gated tube, carried between the gates 
by a tube with no signals on its grid connected in parallel with the 
gated tube and itself turned off by an inverse gate pulse when the 
gated tube is turned on. A circuit is given in Fig. 10-20 which 
accomplishes pedestal-free video gating. 

Receiver Gain Control 

It is important to be able to control the overall gain of an i-f 
amplifier to compensate for variations in transeonductance of 
tubes, as well as for other purposes. If the gain of two or three 
stages increased by small amounts as a result of tube changes, one 
could well reach a condition where even noise signals would satu- 
rate ^le later stages in the amplifier. The most satisfactory method 
of gain control is to increase the negative bias on one or more of 
the i-f grids. In Fig. 8*5 the second and third stages are gain- 
controlled. Gain control should not in general be applied to a 
stage which contributes appreciable noise, as shown in the discus- 
sion in Section 8 • 1 . Completely cutting off a single stage, or even re- 
moving the tube altogether, decreases the gain only 30 to 40 decibels 
because of direct capacitive or inductive feed-through in the wiring. 

Automatic Gain Control 

If an individual signal is selected by receiver gating (page 259), 
the video output resulting from this signal can be used to develop 
a d-c voltage which can then be fed back to one or more i-f grids 
to give automatic gain control (AGO). As usual with feedback 
systems, care must be exercised not to allow phase shifts which 
will cause regeneration at any frequency amplified by the closed 
loop. Perhaps the simplest means for developing the AGO volt- 
age is the ^‘integration” circuit shown in Fig. 8-7. The time con- 
stant RC should be large compared to the repetition interval but 
small compared to the period of the expected variations in the 
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amplitude of the video signals. The output of the circuit of 
Fig. 8*7 is inverted by an amplifier stage and fed to the i-f grids 
through a cathode follower (page 299). 

An interesting application of AGC is in the detection of small 
amounts of audio amplitude modulation of radar signals such as 
may result from reflections from the rotating propeller of an air- 
plane.® Obviously it is necessary that saturation at any point in 
the receiver be carefully avoided so that the modulation will not 
be removed; in this case one must apply gain control to four or 
five i-f stages if large signals are to be handled. Circuits for de- 



Fio. 8*7 Basic circuit of a diode integrator for developing a gain control 

voltage. 

tecting such modulation are described on page 309. The detected 
output is a good source for the necessary AGC voltage, if it is 
passed through a low pass RC filter to remove the modulation 
frequency in order to prevent degeneration of the modulation 
signal. It is interesting to observe that in this application the 
lower limit to the amount of audio modulation which can be de- 
tected on strong signals will usually be placed by the noise arising 
in stages late in the i-f amplifier the gain of which is uncontrolled, 
since the noise in the receiver output from these stages is not re- 
duced as the receiver gain is reduced. It has been found that 
under favorable conditions audio modulation as small as 0.01 per 
cent can be detected. 

Second Detector 

The second detector in most microwave receivers is of the diode 
type, operated as a linear ® detector; that is, the applied i-f signals 

*R. M. Ashby, F. W. Martin and J. L. Lawson, Radiation Laboratory 
Report 914, March 1946. See also J. M. Sturtevant, Radiation Laboratory 
Report 654, Jan. 1945. 

• For detailed discussions of detectors the reader is referred to standard 
textbooks. 
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are large enough so that their peaks are above the non-linear por- 
tion of the diode characteristic even for signals modulated only 
by noise. In this way one avoids discrimination against signals 
smaller than noise, which may actually be distinguishable from 
noise because of their shape The diode thus functions simply as a 
rectifier. It is followed by a low pass filter to keep i-f signals 
out of the video amplifier. The detector output is usually made 
negative so that limiting can be accomplished in the first video 
stage. 

Plate detection is sometimes employed, as in the circuit of 
Fig. 8 - 6 , a pentode (F 7 in the figure) operated near cutoff, usually 
self-biased, being used. A sharp cutoff tube is used so that small 
signals reach the linear portion of the characteristic. 


8*4 ACCESSORIES FOR SUPERHETERODYNE RADAR RECEIVERS 


Several refinements and additions have been developed for 
microwave radar receivers which either increase their general 
performance and reliability, or are needed to adapt them to par- 
ticular functions. Some of these are discussed in the following 
paragraphs. 

Automatic Frequency Control (AFC) 

For proper performance the LO frequency must be held at a 
value separated from the transmitter frequency by the intermedi- 
ate frequency, with an accuracy determined by the i-f bandwidth. 
There are several factors which frequently make it desirable that 
the LO frequency be automatically controlled. Very high fre- 
quency oscillators, both low and high power, show considerable 
tendency to drift in frequency during prolonged warm-up periods. 
The frequency of a transmitter, such as a magnetron, is **pulled^^ 
by changes in the impedance into which the transmitter works 
(cf . Chapter 3) ; an impedance change may take place, for exam- 
ple, during antenna rotation if the r-f line includes rotating joints 
or if the antenna is housed in a ^'radome” from which there are 
varying reflections. A lO-centimeter magnetron may be ^‘pulled^’ 
as mnch as 8 megacycles by an impedance mismatch causing a 
voltage standing wave ratio of 1.5; in the case of a 3 -centimeter 
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magnetron this figure is about 26 megacycles. In general, the 
average performance of a radar is apt to be improved by relieving 
the operator of all possible adjustment responsibilities, particu- 



Fig. 8*8 Diagram of an i-f discriminator foi obtaining a voltage for auto- 
matic control of the frequency of a local oscillator. 

larly under conditions where bis attention is largely absorbed by 
other duties. 

AFC systems depend in nearly all cases on a frequency dis- 
criminator, operating at the intermediate frequency, similar to 
those used in frequency-modulation receivers. A typical discrim- 
inator is shown in Fig. 8*8. L and Li, comprise a doubly tuned 



<a) ih) f<f^ (c) f>f^ 

^‘<0 E>0 

Fig. 8<9 Vector representation of the voltages developed by the discriminar 

tor of Fig. 8»8. 

transformer. There is capacitive coupling, supplied by C, between 
the primaiy and the secondary, as well as inductive coupling. 
The voltages developed at the diode plates due to the capacitive 
coupling {Eci and Ec 2 , Fig* 8*9) are in phase at all frequencies. 
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At/ = /o, the voltages due to the inductive coupling (En and El 2 ) 
are 180® out of phase with each other and 90® out of phase with the 
capacitive voltages; if / < /o the phase relations are as shown in 
Fig. 8*9 (h)j and if f > fo they are as shown in Fig. 8*9 (c). The 
secondary voltages are detected by the diodes and ‘4ntegrated^^ 
by Ri, Cl and R 2 y C 2 . If the time constants RiCi and R 2 C 2 are 
sufficiently large, we need consider only the magnitudes | Ei | and 
I E 2 |. It is seen that the d-c output voltage E vanishes at / = /o, 
is negative for / < /o, and is positive for / > fo. The discriminator 
characteristic is of the form illustrated in Fig. 8 • 10. 

The discriminator is essentially a balanced detector; it is there- 
fore possible to take video signals, or an automatic gain control 



Fig. 8*10 Output of the discriminator of Fig. 8*8 plotted as a function of 

frequency. 

voltage (see below) from point A in Fig. 8*8. It might be sup- 
posed that the discriminator would follow the main i-f amplifier 
and serve as both discriminator and detector. This is very seldom 
the case in radar practice, since the AFC could then be actuated 
by strong echoes or by strong interference pulses. It is much 
better to take advantage of the fact that high level transmitter 
output pulses are available for AFC purposes. A separate AFC 
mixer is usually coupled loosely into the r-f line, the LO power 
being supplied by the receiver LO. Since high level pulses are 
available, a low gain broadband i-f amplifier will be sufficient to 
drive the discriminator. 

The discriminator output can be used in various ways. If the 
LO frequency can be changed by varying the voltage on one of its 
electrodes (such as the reflector of a McNally tube; see page 70), 
the discriminator output can be amplified by a d-c amplifier and 
applied in the proper phase to this electrode. If a tuning knob 
on the LO must be turned in order to vary its frequency, Hie dis- 
criminator output can be applied as an error si^ial to a small 
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servomechanism (cf. Chapter 9). In any case, the * ‘tightness^' of 
the AFC will depend on the gain of the feedback loop; care must 
be taken that oscillations are not produced as the result of phase 
shift in the feedback loop. 

A quantity of importance in an AFC system is the ‘^pull-in'' 
range, that is, how far the LO frequency can be removed from its 
proper value and still have the AFC able to resume control. If 
the discriminator output is used directly through a feedback loop 
as mentioned in the preceding paragraph, the region of control is 
about as indicated by the dotted lines in Fig. 8 • 10. With a re- 



Fig. 8*11 Schematic diagram of a sweep circuit for increasing, the ^‘puU-in’^ 
range of an automatic frequency control system. 


ceiver having a 2-megacycle bandwidth, the discriminator peaks 
are adjusted (by means of the loading resistor Rl) to occur at 
about /o ± 2 megacycles, so that the pull-in range would be 
approximately /o db 4 megacycles. The pull-in range can be greatly 
increased by having the discriminator output control a frequency- 
sweeping circuit. Such a circuit, devised at the Radiation Lab- 
oratory, is illustrated schematically in Fig. 8-11. The 884 thyra- 
tron serves as a relaxation oscillator, its grid bias being adjusted 
so that the voltage across the condenser sweeps through the 
complete tuning range of the LO. The period of the relaxation 
oscillations depends chiefly on the time constant R 2 C 2 J which is 
much larger than RiC\, The 2050 thyratron stops the sweep of 
the 884 at the proper point in the following way. Suppose the LO 
is tuned on the high frequency side of the transmitter. During 
the charging of C 2 toward more positive voltages, the LO fre- 
quency is decreased, so that the intermediate frequency is also 
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decreased. As long as the intermediate frequency is greater than 
the balance frequency of the discriminator, positive output pulses 
are obtained from the discriminator, and therefore negative pulses 
which have no effect are impressed on the grid of the 2050. As 
soon as the intermediate frequency becomes less than /o, output 
pulses are applied to the grid of the 2050 and cause this tube to 
fire, thus reducing the voltage across C\ and, much more slowly, 
that across C 2 . This action tends to increase the intermediate 
frequency, and soon the 2050 stops firing, and the voltage across 
C 2 again starts to rise. Thus the voltage across C 2 oscillates with 
small amplitude about the proper value, and the LO is held at 
very neariy the correct frequency. This swept AFC will pull in 
if the proper frequency is within the electrical tuning range of the LO. 

Frequency Stabilization 

The AFC using a discriminator is essentially a frequency sta- 
bilization system based on the resonant frequency of the discrim- 
inator as the reference point for the stabilization. It is obviously 
advantageous to perform the stabilization at the relatively low 
intermediate frequency. However, there are cases in which this 
cannot be done. For example., a receiver for detecting signals 
transmitted from a physically remote transmitter, such as a 
beacon (cf. Chapter 11) or a communications or relay (cf. Chap- 
ter 12) receiver, should be stabilized in frequency, but it may be 
imsafe to perform this stabilization at the intermediate frequency 
because of the danger of locking on interfering signals. The only 
alternative is to perform the stabilization at the LO frequency. 
This may be done in the microwave region by using an r-f cavity 
as the comparison standard. Three methods for accomplishing 
this are briefly described in the following paragraphs. 

A low power oscillator tube may be stabilized by being more or 
less tightly coupled to a high Q cavity. This method has the draw- 
back that it is frequently found that an xmstable equilibrium results, 
and that the tube stops oscillating if its frequency drifts slightly. 

An ingenious method for obtaining stabilization information 
from a cavity has been devised as the result of a suggestion made 
by J. Halpem of the Radiation Laboratory. The cavity frequency 
is modulated by moving the end plate slightly by means of a loud 
speaker driving mechanism. If the modulating frequency is 60 
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cycles, and energy is fed into the cavity, the output is amplitude 
modulated with a fimdamental of 120 cycles if the input frequency 
equals the resonant frequency of the cavity. If the input fre- 
quency differs from the resonant frequency, the modulation of the 
output has a fundamental of 60 cycles, and the phase of the funda- 
mental shifts 180® as the input frequency goes through the resonant 



Fiq. 8*12 Schematic diagram of Pound’s r-f discriminator, showing its 
application in the stabilization of an r-f oscillator. 

value. Thus, if the detected cavity output is filtered to remove all 
frequencies above 60 cycles and is then amplified and applied to a 
phase-sensitive device such as a two-phase motor or a phase- 
sensitive detector, a control mechanism can be obtained. 

A very elegant frequency stabilization method, developed by 
Pound, “ makes use of the fact that the impedance of a cavity 
depends on the frequency. A schematic representation of the r-f 
discriminator employed is given in Fig. 8*12. Power from the 
oscillator to be stabilized is fed to a magic-tee (see page 139) where 
it is equally divided into arms 2 and 3. The power going into 

V. Pound, Radiation Laboratory Reports 662, 815, and 837, 1945; 
lUo. Set. /naSrumenfo, 17, 490 (1946); Proc. 86, 1405 (1947). 
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arm 2 is absorbed in a matched termination, while that in arm 3 is 
divided by a second magic-tee into arms 4 and 5. Arm 6 is shorted, 
so that the power in that arm is reflected. Arm 4 is terminated 
in an r-f cavity, and is shorter than arm 5 by one-eighth of the 
guide wavelength, Xg. If the frequency / is much smaller or larger 
than the resonant frequency /o of the cavity, the cavity appears 
as a short circuit, so that the power reflected from it is 7r/2 out of 
phase with the power reflected in arm 5. It is a property of the 
magic-tee that this leads to excitation of waves of equal amplitude 
in arms 3 and 6. The power in arm 6 is absorbed by crystal A, 
while the power in arm 3 is again divided by the first magic-tee, 
so that half of it is absorbed by crystal B. Suitable adjustment in 
the d-c amplifier is provided so that the output of the amplifier is zero 
when the output of crystal A is tAvice that of crystal B. At / = /o, 
the cavity gives a reflection of the same or opposite phase to that 
from a short circuit, so that again waves of equal amplitude are ex- 
cited in arms 3 and 6. F or / > /o, the cavity presents a capacitive re- 
actance, and the wave excited in arm 6 is greater than that in arm 
3 ; for / < /o this situation is reversed. Thus a discriminator charac- 
teristic similar to that shown in Fig. 8- 10 is obtained. The char- 
acteristic is reversed by making arm 4 longer by Xg/8 than arm 5. 

As indicated in Fig. 8 • 12, either voice or video modulation can 
be superimposed on the control voltage which is fed to the control 
electrode (usually the reflector) of the r-f oscillator. The control 
amplifier must be made insensitive to the modulation frequencies 
since the modulation would otherwise be strongly degenerated. 

With a carefully designed amplifier, Pound found it is possible at 
10,000 megacycles to obtain short time stability of the order of 1 part 
in 10®, and long time stability of 1 part in 10®, without emplojdng 
any special precautions such as temperature-independent cavities. 

It is interesting to point out that with the cavities at present 
available at 10,000 megacycles, a movement of 1 Angstrom 
(10*“® centimeter) of the end plate changes the resonant frequency 
about 10 cycles. This sensitivity could be considerably increased 
for ultramicrometer applications by proper design of the cavity. 

Anti-Jamming and Anti-Clutter Circuits 

Under wartime conditions much attention had to be paid to 
protecting a radar set from attempts on the part of the enemy to 
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render it useless, that is, to “jam’’ it. Anti-jamming considera- 
tions are also important under normal conditions, since it turns 
out that circuits which are successful in partially overcoming in- 
tentional jamming are also effective in minimizing difficulties 
arising from jamming due to other causes. The subject of jam- 
ming and protection against jamming is very extensive, as evi- 
denced by the fact that there was a large laboratory in this coun- 
try during the war which was concerned solely with radar counter- 
measures; we will be able to do no more here than mention briefly 
a few of the more important circuits which have been developed 
for anti-jamming purposes. Our discussion is based on that given 
by Lawson, et al}^ 

Intentional jamming may consist of the use of reflecting material 
such as “window” (strips of metallic foil which cause ni’merous 
fluctuating echoes and thus obscure aircraft in the vicinity), or of 
radio waves, either unmodulated or modulated. In the latter 
case, the two commonest forms of modulation are more or less 
long pulses (termed “railings” because of the appearance, on an 
A-scope, of pulses which are nob synchronized with the radar), or 
noise. Accidental jamming may result from strong echoes from 
land targets (“land clutter”), from rough water surfaces (“sea 
clutter”), or from clouds, or it may be due to interference from 
other high frequency equipments, in which case it will usually take 
the form of c-w or railings jamming. 

Circuits for protection against jamming and clutter accomplish 
no more than a good manual gain control; they are important be- 
cause it would be quite impossible to follow with a manual control 
the rapid changes in jamming and clutter taking place with range 
variations and antenna rotation. The chief aim of such circuits 
is to prevent saturation of the receiver and consequent loss of 
signal visibility. A signal of power 70 decibels above noise power 
in 40 decibels clutter would look about like a 30-decibel signal if 
the receiver gain were appropriately reduced, but it would be 
invisible with normal gain since the clutter would saturate the 
receiving system, particularly if an intensity-modulated indicator 
such as a PPI (Chapter 6) were used. Such indicators have a 
small dynamic range, of the order of 10 to 20 decibels, so that 

y. Josephson, L. Linford, J. Lawson, and C. Palmer, Radiation Labora- 
tory Report S-52, August 1945. See also P. R. Bell and F. M. Ashbrook, 
Radiation Laboratory Report S-8, Feb. 1944. 
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signals must be correspondingly limited by a video limiter stage. 

Four types of circuits have proved themselves useful in giving 
protection against jamming and clutter: 

(а) Sensitivity time control (STC) is a circuit which controls the 
gain of the receiver as a function of the time after the initial radar 
pulse. Usually the gain is reduced at the time of the initial pulse 
and is then gradually increased to the normal value according to 
a curve determined by the circuit constants. Since this circuit 
makes the gain a function of range, it is in general useful only 
against interference having radial symmetry and decreasing with 
increasing range. Such interference is frequently caused by sea 
clutter, or in some cases by land clutter. 

(б) Instantaneous automatic gain control (lAGC) rapidly de- 
creases the gain of an i-f stage when the output of that stage in- 
creases beyond a value determined by the circuit constants, 
and thus serves to prevent saturation of that stage. It is usually 
advisable to protect the last two or three stages with lAGC. 
The time constant of the operation of the circuit is of the order of 
20 microseconds. 

(c) Fast time constant (FTC) is a coupling between the second 
detector and the first video stage having a short time constant 
which serves to remove or attenuate, as a result of differentiating 
action, d-c and low frequency terms encountered in c-w or low- 
frequency modulated c-w jamming. The short time constant is 
usually of the order of the radar pulse width. 

(d) Detector balanced bias (DBB) automatically supplies a bias 
to the second detector which is sufficient to prevent the high- 
frequency components of noise-modulated c-w jamming or clutter 
from saturating the video section of the receiver. Since the 
circuit can be made very fast-acting it is necessary to insert a 
time delay so that discrete signals will not be reduced in amplitude. 

FTC and DBB circuits are most effective when used in conjunc- 
tion with lAGC. The FTC and lAGC combination is effective 
for jamming by unmodulated c-w or c-w modulated at frequencies 
below the FTC cutoff frequency, while the DBB and lAGC com- 
bination is best in cases of noise-modulated jamming and most 
types of clutter, especially clouds. In other cases, the most effec- 
tive combination must be determined by trial and error. 

Very effective protection against on-frequency jamming pro- 
duced by an interfering transmitter is obtained by tuning the 
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radar transmitter and receiver to a diifferent frequency. The 
development of broadband r-f components and tunable magne- 
trons has made possible the construction of radar systems which 
can be tuned to a new frequency by a single control knob.^® Such 
a system may also be useful in reducing land clutter in localized 
regions of the system^s coverage since it has been found that many 
land echoes show considerable frequency sensitivity. 

High power pulsed radar systems operating in close proximity 
may suffer from mutual interference even when the radars are not 
tuned to the same frequency, because the receiving system of a 
radar does not sufficiently attenuate extremely strong off-frequency 
signals. Interference in such cases may also arise from pickup of 
the large modulator video pulses of a nearby system. Considera- 
ble success in the removal of interference of this type has been 
achieved by blanking the receiver of the set suffering interference 
by means of a gating pulse applied to one or more i-f grids and 
synchronized with the transmitted pulse of the interfering set. 
The blanking pulse in«y be developed by means of a special re- 
ceiver tuned to the other system, or by direct cabling of a trigger 
pulse from one system to the other. Obviously such a procedure 
chops holes in the coverage of the protected system, but this is 
far better than to have its indicators covered by interfering sig- 
nals. In some cases one radar can be completely synchronized 
with another, and thus the interference avoided altogether. 


PROBLEMS 

8-1 Show that the maximum power transfer from a generator to a load 
takes place when the load impedance is the complex conjugate of the generator 
impedance, and calculate what fraction of the total power is transferred to 
the load. 

8*2 Show that for a single-tuned filter (Section 7*1) the noise bandwidth 
as defined in equation 8*5 is ir/2 times the half-power bandwidth. 

8*3 Draw a complete block diagram for a radar receiver having automatic 
gain control in which the gain control voltage is developed from the receiver 
output during a 10-Msec period which can be made to occur at any desired 
time during the interpulse period. 

**J. E. Cook and J. E. Richardson, Radiation Laboratory Report 911, 
March 1946. 
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CHAPTER 9 


SERVOMECHANISMS 
AND COMPUTERS 


The problem of precise remote control is one of increasing impor- 
tance. For example, a significant part of the cost of a chain- 
reacting plutonium pile is in the remote control of the neutron- 
absorbing rods and in the remote indication of many factors, and 
the successful development of such piles is due in no small measure 
to the fact that the necessary remote controls and indicators could 
be devised. During the war this problem was urgently faced in 
connection with gun direction, and in the positioning of the yokes 
of radar indicators (Chapter 6). Also, a great deal of the tech- 
nique for remote control either involves electrical computation or 
can in turn be applied to computing if desired. 

Devices which are capable of giving precise remote control are 
in nearly all cases ‘^servomechanisms.^^ We here describe some 
simple forms of servomechanisms and suggest some elementary 
methods of electrical computing. 

Servomechanisms may be briefly described as closed-cycle 
control systems. The meaning of this term will be made clearer 
below. Many of the automatic control devices used for scientific 
and industrial purposes can properly be classed as servomechanisms 
since they involve feedback loops. 

The theory of servomechanisms is rather complex and will not 
be gone into here. The reader is referred to other sources ^ for 

^ Radialim Laboratory Technical Series; E. S. Smith, Automatic Conirel 
Engineering^ McGraw-Hill Book Co., 1944; L. A. MacColl, Fundamental 
Theory of Servomeckaniemat D. Van Nostrand, 1946; R. E. Graham, BeU 
System Tech, 26, 616 (1946). 
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theoretical discussions, as well as for more detailed consideration 
of practical applications. 

The term computers includes a wide variety of electrical and 
mechanical systems which facilitate mathematical computations. 
Considerable publicity has been given to the very complicated 
computing machines which have been invented during the last 
ten years or so for handling computational problems which would 
be extremely tedious, or even impossible of human solution, if 
attacked by older methods. Wartime applications resulted in the 
development of many other devices which carry out more or less 
involved computations automatically. For example, data ob- 
tained by an optical or radar gunsight concerning the position and 
rate of change of position of an aircraft target, together with the 
other factors entering into ballistic calculations, can be fed into a 
computer which will then automatically arrive at the proper aiming 
of an anti-aircraft gun. 

Computers may be divided into two classes.^ Digital computers 
are machines which, like ordinary calculating machines, operate 
on numbers expressed in digit form, in either the decimal or some 
other system. Analogue computers, on the other hand, operate on 
numbers represented by electrical quantities, such as voltage or 
resistance, or mechanical quantities, such as the rotational posi- 
tion of a shaft. In general, digital computers are capable of a 
higher order of precision than are analogue computers; on the 
other hand, the latter are better adapted to situations where an 
essentially continuous indication or application of the results of 
the calculation is required. We shall concern ourselves in this 
chapter only with analogue computers involving electrical ana- 
logues and shall restrict ourselves to a few simple examples in an 
attempt to illustrate the kind of operations which such computers 
are capable of carrying out. 


91 SYNCHROS 

An important application of servomechanisms is in causing a 
loaded shaft to turn in synchronism with another shaft. Nearly all 
systems for synchronizing the rotation of two shafts are based on 

* See, for example, G. R. Stibitz, Applied Mathematics Panel, NDRC Report 
171.1R, Feb. 1946. 
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various types of rotary transformers known as synchros} If two 
closely spaced coils are oriented with their axes parallel, an alter- 
nating current in one will induce an alternating voltage across the 
other; if one coil is rotated with respect to the other the induced 
voltage will vary (approximately) as the cosine of the angle be- 
tween the coils. Such a device constitutes a rotary transformer. 
With proper design and a constant exciting voltage across one 
coil, the voltage across the other coil can be used as an accurate 



Angular position of rotor, degrees 


Fig. 9 > 1 Stator voltages of a synchro generator as functions of the angular 
position of the rotor. Voltages represented as positive are in phase with the 
input to terminals Rl and R2, 


indication of the angle between the coil axes. However, the out- 
put voltage will be zero for both 90® and 270®. To remove this 
ambiguity one of the coils can be replaced by three coils oriented 
120® apart in space. A synchro generator ((?) is such a device, 
having a salient pole rotor with one winding and a so-called three- 
phase^ stator with three windings either A- or Y-connected. 
When an alternating excitation is applied to the rotor, the ampK- 
tudes of the three output voltages vary as shown in Fig. 9 • 1. 51, 
52, 53 are the conventional representations of the three stator 

* Various trade names, such as Selsyn and Autosyn, are sometimes used in 
place of the generic term synchro. 

* It is to be noted that the voltages across the three stator windings differ 
in phase from the excitation voltage by either 0^ or ISO^; the amytUudea of 
these voltages differ from each other by 120^ or 240° in phase as the rotor 
is turned at a constant rate. 
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terminals, and 221, R2 of the rotor terminals. The instantaneous 
voltages across the rotor and one of the stator windings are shown 
in Fig. 9*2, for the case of 60-cycle excitation and the rotor turn- 
ing at 150 revolutions per minute. It is evident that each value of 
the rotor position between 0° and 360° gives a unique set of stator 
voltages, so that all ambiguity has been removed. 

The most usual indicating device for interpreting the stator 
voltages is a synchro motor (F) or follower. This is essentially the 



Seconds 

Fig. 9*2 Representative instantaneous voltages across rotor and stator 
terminals of a synchro generator as the rotor is turned at 150 rpm. 

same as the generator, except that it includes a mechanical oscilla- 
tion damper. A generator and motor are connected as illustrated 
in Fig. 9*3 to form a simple data transmission system. 

Since no torque is developed by the motor when its rotor posi- 
tion is the same as that of the generator, a small error which in- 
creases with increasing motor load is unavoidable. For this reason 
a simple system such as shown in Fig. 9*3 is usually used only 
with very light loads. The error in the load position can be re- 
duced by gearing both the synchros to run at some multiple of 
the input and output shaft speeds, although this procedure obvi- 
ously reintroduces ambiguity in the angle information. A simple 
method for handling this situation is described on page 213. The 
Navy type 5F synchro motor when used with a 50 generator has 
a no-load error of approximately zb0.6°. The rotation of the 
motor can be reversed by interchanging any pair of stator leads 
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on either the motor or the generator. By convention, positive 
angles correspond to clockwise rotation of the shaft when the 
synchro is viewed from the shaft end. One generator may control 
several motors, particularly if the generator is of larger size than 
the motors. 

Two other types of synchro units are important. A control 
transformer {CT) has the usual three stator windings and a non- 



Synchro Synchro 

generator follower 

Fig. 9*3 A simple data tranbmission systc*m composed of a synchro generator 
and a synchro follower. 

salient pole rotor with one winding. If the stator windings are 
connected to those of a generator, the voltage across the rotor 
varies sinusoidally in amplitude with the relative position of the 
two rotors, undergoing a phase change of 180® at 0® and 180®. 
This rotor signal is called an error signal, and may be utilized in a 
servomechanism as described in the next section. The CT rotor 
is designed to drive a high impedance load so that very little 
current flows through it. Because of this and the non-salient pole 
construction of the rotor, very little torque is developed by a CT, 
A CT constitutes an inductive load, so that, unless an oversize 
generator is used or if several CT^& are driven by one generator, 
power factor correction is advisable. This can be accomplished by 
a triple condenser in A- or Y-connection across the stator leads. 

A differential generator (DG) is a device by which an angular 
displacement can be inserted between a generator and a motor or 
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control transformer. Both the stator and rotor of a DG have three 
windings. When connected as shown in Fig. 9*4, the angular 
position taken by the motor is the sum of the angular positions of 
the G and the DG. If a Cr is used with a DG, power factor correc- 
tion may be necessary as indicated above; the condenser may be 
connected on either side of the DG. 

Conventions have been established as to the zero position of the 
rotors of synchros. Naturally these are related to the voltages 


Differential 

Generator generator Follower 



Fia. 9*4 Diagram illustrating the connection of a synchro differential gen- 
erator between a synchro generator and follower. The motion of the output 
shaft can be either the sum or difference of the motions of the input and dif- 
ferential shafts. 

developed at various terminals. The conventions are such that 
the devices may be set in their zero positions in the following ways, 
(a) To zero a generator or motor, an excitation voltage of about 
80 volts (for a 110-volt instrument) is applied to the rotor. S2 is 
connected to Rl, and the rotor is turned (or the stator is turned, if 
the setup is such that the rotor cannot be turned) until the volt- 
ages between SI and R2 and between SZ and R2 are both about 
37 volts. The setting is then refined by disconnecting S2 from R1 
and adjusting until the voltage between SI and 53 is zero, with 
full excitation on the rotor, (h) A control transformer is set to 
zero by applying about 80 volts between 51 and 53, connecting 
R2 and 53, and leaving 52 unconnected. At the zero position the 
voltage between R1 and 51 is a minimum and equal to about 35 
volts. The setting is refined by applying about 80 volts between 
52 and 53, with 51 connected to 53, and adjusting to make the 
voltage across the rotor vanish. 
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9*2 SERVOMECHANIS/AS 


Simple synchro data transmission systems in which a generator 
synchro drives a motor are satisfactory for light loads in cases 
where the highest precision is not necessary. For heavy loads, 
such as gun turrets or radar antennas, and in cases where the angu- 
lar error must be very small, torque amplification is necessary. 
This is achieved by a servomechanum. 

It is difficult to give an inclusive definition of a servomechanism. 
Most servos follow the basic block diagram given in Fig. 9-5. An 



Fiq. 9 ■ 5 Basic diagram of a servomechanism. 


essential feature of a servomechanism is the feedback loop which 
feeds a drive signal, usually identical with the output signal, to a 
comparison element. The comparison element compares the con- 
trol and drive signals, and from this comparison derives an error 
signal, which is in many cases simply the difference between the 
control and drive signals. The error signal is the effective cause 
which operates the output system composed of the amplifier and 
drive elements. It is an essential characteristic of a servomechan- 
ism that the error signal supplies only a negligible fraction of the 
power required to actuate the output system; there is always a 
local source which supplies practically all the useful output power 
and the power lost by dissipation. It is seen, then, that a servo- 
mechanism is essentially a feedhctck amplifier] as would be ex- 
pected, the problems involved in securing satisfactory, stable 
operation of a servomechanism can be handled by methods similar 
to those evolved in treating feedback amplifiers. These problems, 
even in the simplest cases, can be solved in detail only by the appli* 
cation of rather complicated theory and computations. Fortu- 
nately, in simple cases satisfactory, thou^ probably not optimum, 
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results can frequently be obtained by more or less educated trial 
and error methods. 

As an example of a servomechanism we may consider the familiar 
thermostat-relay-heater temperature regulator. The control sig- 
nal is the setting applied to the thermostat, which serves as the 
comparison element. If the temperature of the body under con- 
trol differs from the setting of the thermostat, an error signal is 
supplied to the relay which functions as the amplifier element and 
turns on or off the heating (drive) element. In this case the drive 
and output signals are the same, namely the temperature of the 
body under control. 

This system has a deceptively simple appearance. It is evident 
that many characteristics of the system, such as the heat capacity 
and thermal conductivity of the heat transfer medium, the effec- 
tiveness of stirring, and the rate of heat input, will affect the func- 
tioning of the system in important measarc. Furthermore it is a 
highly non-linear system, the theory of which is in general much 
more difficult than that of linear servo systems. In spite of this 
complexity, trial and error mtsthods have brought this type of sys- 
tem to a degree of development satisfactory even for many rather 
exacting applications. 


9-3 SERVOMECHANISMS FOR THE CONTROL OF SHAFT 
ROTATIONS 


An important type of servo system is used to cause an output 
shaft to rotate in synchronism with an input shaft. Figure 9-6 
gives the block diagram of such a system. In this case, the control 
signal is the three-wire synchro data from a synchro generator, 
the comparison element is a control transformer, and the error sig- 
nal is the alternating voltage taken from the rotor winding of the 
CT, The error signal is amplified by a vacuum tube amplifier, and 
the amplified output energizes a drive motor. The rotation of the 
motor shaft is transmitted through suitable gearing back to the 
shaft of the CT in such a fashion as to tend to reduce the error 
signal to zero. To remove the ambiguity inherent in the sine func- 
tion nature of the error rignal, provision must be made in either 
the amplifier element or the drive motor (in the latter in the dia- 
gram of Fig. 9^6) for comparison of the phase of the error signal 
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and that of the alternating voltage used to excite the synchro gen- 
erator. A zero error signal will still result from an angle error of 



Fig. 9-6 Simplified block diagram of a servomechanism for controlling a 
shaft rotation. Dotted lines represent mechanical connections. 

180° as well as from one of 0°, but this is a position of unstable 
equilibrium and hence gives no trouble in practice. 

A Low Power Servomechanism 

The circuit diagram of a typical low power servo system is 
shown in Fig. 9 • 7. This system is suitable for driving a light load, 
such as a PPI deflection yoke, with a very small error. The error 
signal from the rotor of a synchro CT is split by a transformer into 
two channels one of which includes a twin-tee filter (see below). 
The signals are applied to the grids of a cathode-coupled 6SL7 
amplifier (page 300) which mixes them and gives a balanced push- 
pull output to drive a pair of 6L6 power amplifiers. The latter 
are transformer-coupled to one phase of a two-phase reversible 
induction motor, the other phase of which is excited from the same 
110-volt line as is used for synchro excitation. A condenser in 
series with this winding of the motor produces a 90° phase shift 
which is essential to proper operation of the motor. Depending on 
the transformers used, some phase correction of the amplifier out- 
put may also be necessary. Since the control motor is a phase- 
sensitive device, the direction of its rotation is reversed by reversal 
of the phase of the error signal. It is important that the motor 
and its load have low inertias in order to avoid ^fliunting.'^ The 
inertia of the load is minimized by having a large reduction ratio 
(at least 10: 1) in the first pair of gears in the speed reducer, since 
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of many laboratory applications. 




the inertial load presented by the rest of the reducer and the rotor 
of the CT is reduced by the square of this ratio. All sources of back- 
lash in the mechanical system should be reducedasmuch as possible. 

The circuit includes a frequently used scheme, involving a twin- 
tee network (page 236), for improving the stability of the overall 
system by supplying electrical damping. We have seen that the 
error signal goes to zero when the angular error becomes zero. 
Thus although no signal is applied to the drive motor at the in- 
stant it reaches its correct position, yet its momentum together 
with that of its load will carry it beyond the correct position, re- 
sulting in frictionally damped oscillation or hunting about the 
position of zero error. Obviously the inertia of the motor and its 
load should be made as small as possible. If the gain of the 
amplifier is increased in an attempt to increase the tightness of 
the servo system, a point will be reached where sustained oscilla- 
tions occur. It can be seen that damping can be achieved by 
feeding to the drive motor, in addition to the error signal, the first 
derivative of the error signal; thus if the amplitude of the error 
signal is positive ® and decreasing, its derivative will be negative 
and, if amplified and applied to the drive motor, will exert a re- 
straining torque even when the error signal itself vanishes. 

The function of the twin-tee filter in damping the hunting can 
be qualitatively understood as follows. The twin-tee is tuned to 
the carrier frequency of the synchro circuit, so that an error signal 
of constant amplitude will give no output. If, however, the 
amplitude of the error signal varies, so that frequencies other than 
/o are involved, the output will not vanish. In particular, if the 
error signal is of the form 


6 » sin bt sin u)ot 


E 


[cos (coo — B)t — cos (a >0 + 8)t] 


the outputs resulting from the two side frequencies can be seen by 
reference to Fig. 7 - 8 (6) to be approximately 

E r E r 

~ 5 cos 1^ (ci)o "1" 2 J ~ Jfc 6 cos ““ 2 J 

if 6 coo, so that the two amplitudes can be set equal and the 
phase shift is =k7r/2. The constant k is the slope of the amplitude 

* By a positive amplitude for the error signal is meant a sero phase diffeienoe 
between the error signal and the reference (synchro excitation) voltage. 
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characteristic for <0 slightly larger than c^o* These two outputs 
add to give --Ek B cos Bt sin cjot, so that the output amplitude is 
proportional to the derivative of the input amplitude. A similar 
result is, of course, obtained if the input amplitude varies as cos Bt 
Since in general E(t) can be expressed as a Fourier series, the twin- 
tee in effect differentiates the amplitude of any error signal. Thus 
the twin-tee enables one to use larger direct gain in the servo- 
amplifier without getting into the region of instability of the over- 
all system. 

The servomechanism of Fig. 9*7 can develop sufficient torque 
for the majority of shaft control problems which may arise in 
laboratory work, since in nearly all cases the speed of the shaft to 
be controlled will be very much smaller than that of the motor 
shaft. 

A Two-Speed Servomechanism 

The system of Fig. 9*7 is a 1-speed system; that is, the synchro 
shafts turn at the same rate as the input and output shafts. The 


36 -Speed 
rotor 


1- Speed 
rotor 


Fiq. 9*8 Diagram illustrating a relay circuit for switching the amplifier of a 
double-speed servomechanism from the high speed to the low speed error 
signal whenever the latter exceeds a certain amplitude. 

angular error between the input and output shafts can be reduced 
to as little as a few hundredths of a degree by incorporating suita- 
ble gearing to make the ^jnnehro shafts execute, say, 36 revolutions 
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to each revolution of the input and output shafts. Such a 36- 
speed system can, of course, lock in any one of 36 stable relative 
positions, so that further refinements are required to remove this 
uncertainty. One satisfactory scheme is to parallel the 36-speed 
pair of synchros by a 1-speed pair, and to provide means for auto- 
matically switching the servoamplifier from the 36-speed CT to 
the 1-speed CT whenever the amplitude of the 1-speed error signal 
becomes too large in either the positive or the negative direction. 
The switching can be done by the relay circuit shown in Fig. 9-8, 
as well as by other methods. The relay normally connects the 
36-speed CT to the amplifier, but when the 1-speed error signal 
exceeds a certain amplitude the rectifier-integrator circuit in- 
creases the triode plate current sufficiently to actuate the relay, 
and the 1-speed CT takes control until the system has been re- 
turned to a point where the 36-speed CT can safely resume control. 

High Power Servomechanisms 

It can be seen that a servomechanism designed to operate any 
large load requires a large amount of power amplification. Power 
amplifiers, such as amplidynes, which operate considerably more 
efficiently than do vacuum tubes, are available for this purpose. 

The principles involved in the design and operation of high 
power servomechanisms are the same as those pertaining to low 
power systems. However, it is much more important that the 
design of a high power system be sound, since what may be only 
an annoying hunting in a low power system may result in serious 
damage to equipment or personnel in a high power system. 

D-C Servomechanisms 

The control of a shaft position can also be obtained by a servo 
system in which a d-c error signal is used. In the system repre- 
sented by the diagram of Fig. 9*9, voltages Ei and E 2 , defining 
respectively the input and output shaft positions, are compared in 
a differential amplifier (see, for example, page 300), and the 
signal proportional to the difference Ex — E 2 is amplified to drive 
a reversible d-c motor. 

A generally more satisfactory system is represented in Fig. 
9*10 (a). Here any difference between and E 2 is converted to 
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Fig. 9*9 Representation of a d-c shaft-control serv'omechamsm. The motor 
is arranged to turn the output shaft so that Ei — E 2 is made small. 



Fig. 9 • 10 (a) Diagram of a d-c servo with an a-c amplifier. The use of a con- 
verter to change the d-c error signal to an a-c signal avoids the difficulties 
inherent in d-c amplification. (6) An alternative arrangement of the converter 
in the above servo. 
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a 60-cycle signal (actually a square wave) by a sjmchronous vibrat- 
ing reed;^ and the resulting signal is amplified and used to energize 
a two-phase a-c motor. Damping is supplied, if necessary, by the 
RC combination in the input circuit; this combination serves to 
differentiate the error voltage. This system avoids the necessity 
of d-c amplification, which is apt to be troublesome. An alterna- 
tive arrangement of the converter circuit is shown in Fig. 9 • 14 (6), 
which may be applied when E 2 does not have a grounded terminal. 
It is seen that either of these arrangements has the important 
property that at balance no current is drawn from either voltage 
source by the converter. This fact has been applied in the con- 
struction of continuously self-balancing recording potentiometers ® 
suitable for the measurement of very small direct voltages. In 
this application, Ei is derived from a carefully calibrated slide- 
wire carrying a known current, and E 2 is the voltage to be re- 
corded. The recording is done by a pen fastened to the carriage, 
controlled by the motor, which moves the slide-wire contactor. 

Rate Servos 

Servomechanisms for controlling the rate of rotation of a shaft 
by means of a direct voltage can be based on the systems repre- 
sented in Figs. 9 ‘9 and 9* 10, if the potentiometer producing E 2 is 
replaced by a tachometer generator. 

9-4 COMPUTERS 

In this section we will discuss a few simple examples of com- 
puters of the electrical analogue type. The reader should be able, 
on the basis of the material presented here, to understand the 
fxmctioning of more complex computers and to devise systems for 
handling some calculations not explicitly considered in the follow- 
ing paragraphs. 

It is obvious that a single variable parameter can be represented 
by a direct or alternating voltage or current, or by a resistance or 
other electrical quantity, and that in principle the representation 
can be carried to any desired degree of precision. In practice it is 

*Such a device is manufactured by the Brown Instrument Company, 
Philadelphia, Pa., Leeds and Northrop Company, Philadelphia, Pa., and 
other concerns. 
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difficult to achieve a precision exceeding about 0.1 per cent. If 
the parameter can take on positive or negative values, its sign can 
be represented by the sign of a direct voltage or current, or by the 
phase of an alternating voltage or current. In the case of alternat- 
ing voltages or currents, it is evident that the use of phase angles 
ranging from 0® to 360° allows one to represent by a single electri- 
cal analogue any point in a plane. 

Potentiometers are widely employed for obtaining variable 
voltages for use in computers. In some applications the degree of 
linearity of potentiometers is important. Poteritiometers are 
available ^ which are guaranteed to be linear with tolerances as 
small as 0.025 per cent. Such potentiometers are composed of a 
long coil of resistance wire formed into a helix of several turns, and 
therefore have available shaft rotations up to as much as 15,000°, 
compared with about 320° available with ordinary potentiometers. 
It is thus possible to obtain any desired setting with much greater 
precision with this type of potentiometer. Alternating voltages of 
variable amplitude can also be obtained from autotransformers. 


Addition and Subtraction 


The direct procedure of connecting two voltages in series or in 
series opposition to evaluate their sum or difference needs no fur- 
ther elaboration here. For some applications, as for example 
when the loading imposed on the voltage sources must be kept to 
a minimum, electronic methods are required. The circuit ® of 
Fig. 9*11 gives a d-c output voltage which is proportional to the 
difference between two d-c input voltages, and is unaffected by a 
change in the level of the two inputs provided the difference be- 
tween them remains constant. Analysis of the circuit gives the 
following results (all voltages measured relative to ground) : 



fJL — JS^2 





(9-1) 


E-E’ (El - Bz) (9-2) 


m + 2+-^ 

^ Manufactured by the Belipot Corporation, South Pasadena, CaHf . 

* J. W. Gray and D. MacRae, Badhation Laboratory Report 457, Nov. 1948. 


m 



In a similar manner, addition or subtraction of alternating or 
direct voltages can be accomplished by the cathode-coupled 
amplifier of Fig. 10-6. 



Fig. 9*11 Circuit giving the difference between two direct voltages. 


Multiplication 

A voltage proportional to the product of two quantities x and y 
results from the arrangement shown in Fig. 9 • 12. The first po- 
tentiometer is ^ven a setting proportional to x and the second a 

setting proportional to y) the 
output voltage, provided R 2 
^ J?i, is then proportional to 
xy. Obviously a similar ar- 
rangement involving auto- 
transformers can be applied to 
alternating voltages. 

Evaluation of Various Functions 

A voltage proportional to 
the sine (or cosine) of an angle can be obtained with considerable 
precision from a so-called 9ine card. The usual form of sine 
card (Fig. 9*13) is a winding of fine wire on a flat card, with 
a contacting arm which rotates about the center of the card. 
It is important that many turns be employed so that the re- 
sistance of one turn is negligible compared to the total re- 
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Fig. 9*12 Two potentiometers ar- 
ranged for evaluating the product of 
two quantities. 8 



sistance of the card. Sine cards are frequently used to determine 
the altitude of a radar target; if is proportional to the slant 
range as determined by the radar and 6 is the elevation angle of 
the radar antenna when it is properly trained on the target, the 
output of the sine card is proportional to the altitude of the target. 
Trigonometric functions may 
also be evaluated by means of 
rotary transformers. Tn Section 
9-1 we described synchro gener- 
ators and control transformers 
which can obviously be used for 
this purpose. Another important 
type of rotary transformer is called 
a resolver, which in its usual form 
consists of two rotor and two stator 
windings, each pair of windings 
being in space quadrature. If in- 
phase alternating voltages of am- 
plitudes Eri and Er 2 applied to the rotor windings, the am- 
plitudes of the stator voltages are given (with proper definition of 
signs) by the equations 



Fig. 9 13 A sino card for evalu- 
ating sin B or cos 0. 


*Es\ = Er\ cos 6 + Er 2 sin 6 
Es2 = — ^Ri sin d + Er2 cus ^ 


(9-3) 


As with synchros, these output voltages are of course in phase 
with the exciting voltages. 

If variable voltages, for example proportional to range, are fed 
to a resolver, such voltages should not be too small since resolvers 
are non-linear at low voltages. Care must be taken not to impose 
a low impedance load on a resolver if accurate results are desired. 
Obviously, if in equations 9-3 one sets Eri == 0 and Er 2 = kr, 
one can convert r, 6 to x, y. If one resolver is used to drive 
another, with a linear buffer amplifier between them, one can con- 
vert r, ^ to X, y, 2 . 

Appropriately loaded potentiometers may be used for approx- 
imating a variety of functions. For example, the circuit ® shown 

• Cf. R, Hofstadter, Rev* Sci, InatrumenlSf 17, 298 (1946). See also L. A 
Nettleton and F. £. l^le, ibid., 18, 382 (1947). 
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in Fig. 9*14 gives an approximation to the tangent function having 
an error of less than ±0.5 per cent for angles between — 1 and + 1 

radian. It is easily found that 


*§• JE?i 





the output voltage is 
xEo 


E 


i + ^a-x*) 


(9-4) 


Fig. 9-14 A potentiometer loaded 

for approximating the sine function, where the quantities have the 

significance saown in the 
figure. If Ro/4:R is set equal to a/(l — a), we have 


E 


= T + ax^ + a^x^ + • 


(9-6) 


Eo(l - a) 

Comparison of this expression with the series expansion of tan x, 

tan T = a- + 4- ^ j:® H (9-6) 

o lo 


suggests that a should be set equal to 3^. Actually a somewhat 
better approximation is obtained if a == 1/2.792. 


Computers Employing Servomechanisms 

The scheme for multiplication illustrated in Fig. 9-12 requires 
the setting of at least one potentiometer to represent an input 
quantity. In applications where it is necessary to have this done 
automatically a servomechanism is employed. The use of a 
servomechanism also permits carrying out the inverse operation, 
in this case division. 

Consider the general scheme outlined in Fig. 9*16. Direct 
input voltages Eij £ 2 , and Ez are used, one or more of which may 
be fixed voltages. The potentiometers, with ganged shafts, may 
have linear or non-linear tapers, or may be loaded as in Fig. 9*14. 
The servomechanism is a seroing servo of the type illustrated in 
Fig. 9 *9 or 9 ■ 10, so that it adjusts the potentiometer shaft position 
to make the output of potentiometer Pi equal to Pa< Let E'l 
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« jE ?3 = Eifi{B) and £^out *= ^ 2 / 2 ( 0 ), A variety of computations 
can be performed by this system, some of which are outlined in 

Motor and 



Fig. 9 • 15 Schematic representation of a computer using a servomechanism 
for adjusting potentiometer Pi to make B\ =* E^. 

Table 9 • 1. The reader can easily see the limitations which must 
be imposed on the values taken by the various input voltages. 

Table 9'1 iLLtjSTRATiNa the Computations Performed by the System 

IN Fig. 9 ‘15 


El 

E2 

Ei 

m) 

Me) 

Eoax 

Notes 

1 

Ea 

Et 

fm 

fm 

EaEb 

(a) 

Ea 

1 

Ek 

fm 

fm 

EbfEa 

( 0 ) 

Ea 

Et, 

1 

fm 

fm 

Eb/Ea 

(0) 

Ecmt 

1 

Ea 

fm 

fm 

VWa 

(a) m 

Ea 

1 

Ei 

sin B 

kB 

k sin~^ (Eb/Ed 

(c) 

1 

1 

Ea 

kB 

sin B 

sin (Ea/k) 

(c) 

1/(1 - a) 

1 

Ea 

tan B 

kB 

k tan""^ Ea 

(d) 


(а) In cases where fiiO) = AC^), it will usually be most convenient to use 
linear potentiometers. 

(б) The resistance of Pi must be large compared to that of P 2 . 

(c) A sine card (Fig. 9 * 19) is used. 

(<0 oe » 1/2.792; Pi is a loaded potentiometer (Fig. 9*20). 

The computer illustrated in Fig. 9*16 illustrates another appli* 
cation of a jseroing servomechanism in performing the inverse of 
an operation which can itself be accomplished directly. We saw 
on page 289 how a resolver can be employed to convert polar co- 
ordinates r, 0 to Cartesian coordinates x, y. If voltages propoi^ 
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tional to x and y are fed to the stator windings and the rotor is 
turned until Eri =0, Eit 2 will b® proportional to r and the shaft 
position will give 6. In the computer of Fig. 9*16 the rotor is 



Fig. 9-16 A system for automatically converting x, y to r, If the input 
shafts are set to give voltages proportional to x, y, the voltage across one of 
the resolver rotor windings is proportional to r, and the position of the rotor 

shaft equals $, 

turned by a servo system which may be similar to those described 
earlier in this chapter. 

Figure 9-17 shows a scheme for solving a right triangle, 
t/hich is due to R. M. Walker of the Radiation Labora- 



Fia. 9*17 Diagram of a right-triangle solver. The variable arms of the 
Wheatstone bridge are composed of loaded potentiometers of the type shown 
in (a). When the bridge is balanced by the servomechanism, z is proportional 
to the hypothenuse of a right triangle of sides x and y. 

tory. The network of Fig. 9*17 (o) is a variable resistance 
having the value r » .8(1 — x^), if 0 g a; ^ 1. Three such net- 
works, ri = fl(l - x®), r 2 = R(1 - y^), rs = fi(l - 2 *), are con- 
nected in an a-c Wheatstone bridge as show n in Fig . 9.17 (6). 
The condition for balance is 2 = (1/V^) Vx® + y®, a servo 
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system being used for balancing the bridge by rotation of the 
z shaft. 

Integration of a varying voltage can be accomplished by means 
of a rate servo (page 286), provided the overall linearity of the 
servo is sufficiently good. It is merely necessary to count output 
shaft revolutions during the integration period. 

PROBLEMS 

9*1 Two independent shafts rotate at 15 rpm approximately in syn- 
chronism, so that their relative position is never more than Jfo revolution 
from its proper value. Give a detailed block diagram of a servomechanism 
for continuously indicating their relative position with an accuracy of =fc0.1®. 

9 • 2 Derive equation 9 • 4. 

9‘3 Show how the following quantities can be evaluated by the system 
shown in Fig. 9 • 16, or a modification thereof: 

(“) ^ («•) W Ei 
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CHAPTER 


1 0 


MISCELLANEOUS 

CIRCUITS 


In some of the preceding chapters we have had occasion to dis- 
cuss numerous types of circuits which are important in radar 
practice. In the present chapter we shall take up several additional 
important and useful circuits, some of which were well-known be- 
fore the war. It is obvious that we will have to make a more or 
less arbitrary selection of circuits to be considered, since a tremen- 
dous variety are of importance to radar.^ 

As has been done elsewhere in this book, specific circuit constants 
are given in some cases, since it is believed that such detailed infor- 
mation will be useful to those who may wish to employ the cir- 
cuits but are not familiar with the principles of vacuum tube cir- 
cuit design. In most of these cases the particular constants given 
are not at all unique. 


10- 1 REGULATED POWER SUPPLIES 

For many purposes it is important to have supply voltages 
which are relatively unaffected by changes in line voltage or load. 
Thus, high precision in a range circuit (Chapter 5) requires among 

^ A very thorough treatment of radar circuits will be found in the Radia-^ 
tion Laboraiory Tedinical Series. More complete discussions of some of 
the circuits mentioned in this chapter can be found in standard reference 
works, such as: F. £. Terman, Radio Engmeers^ Handbook^ McGraw«HiU 
Book Co., 1943; H. J. Reich, Theory and ApplicaHons of Electron Tubes, 
McGraw-Hill Book Co., 1939; V. K. Zworykin and G. A. Morton, Tdemion, 
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other things careful regulation of the power supply for the circuit. 
Filament and other a-c supplies may be stabilized by means of 
regulating transformers, ^ provided the line frequency is suffi- 
ciently constant. 

Regulation by Gas Discharge Tubes 

The voltage drop in a gas discharge is relatively independent of 
the discharge current over considerable ranges. This fact is 
utilized in voltage-regulating tubes such as the VR-76, 90, 105, 



Fig. 10*1 Circuit employing a cold 
cathode discharge tube for obtaining a 
constant voltage. 


and 150. These are cold cathode tubes having voltage drops, 
approximately given by the numbers in their designations, which 
change less than 5 per cent when the discharge current changes 
from 5 to 40 milliamperes. These tubes can thus serve as current 
reservoirs. The VR tube is connected to a higher voltage source 
through an appropriate dropping resistor R as shown in Fig. 10-1, 
and is usually bypassed by a condenser. As a rule the operating 
point will be chosen in approximately the center of the VR tube 
characteristic, with the VR current about 20 milliamperes, so that 
both decreases and increases of supply voltage or load resistance 
can be accommodated. Output voltages higher than 150 volts 

John Wiley and Sons, Inc., 1940; O. S. Puckle, Time Bases, John Wiley and 
Sons, Inc., 1943; E. E. Zepler, The Technique of Radio Design, John Wiley 
and Sems, Inc., 1943; J. G. Bxainerd, G. Koehler, H. J. Reich, and L. F. 
Woodruff, UUtcb-HighrFTequency Techniques, D. Van Nostrand, 1942. 

*lt should be noted that the output of commonly available regulating 
transformers is a distorted sine wave, which may be objectionable in some 
applieations. 
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can be obtained by connecting tubes in series. VR tubes cannot 
be connected in parallel because of the variations from tube to 
tube in striking voltage. 

Electronic Regulation 

Degenerative feedback circuits are frequently employed in 
power supplies to give very low effective internal impedance and 
very slight dependence on supply voltage. A typical circuit is 
shown in Fig. 10-2. A constant reference voltage is supplied by 



Fia. 10-2 Diagram of a typical voltage regulating circuit. The 6SJ7 ampli- 
fies changes in the output voltage and applies the amplified changes degen- 
eratively to the 6Y6 control tube. 

the VBrlOS. If for any reason the output voltage tends to rise, 
the grid of the 6SJ7 amplifier will rise and its plate will fall. This 
will cause the drop in the 6Y6 control tube to increase, and thus 
to oppose the change in the output voltage. The 6SJ7 screen grid 
is operated at an unusually low potential so that the plate current 
may have the requisite low value at grid voltages which are well 
away from the nearly horizontal portion of the grid voltage-plate 
current characteristic. The condenser across the output is used 
to smooth out rapid fluctuations which cannot be degenerated by 
the feedback loop because of the large amplifier load resistor. If 
higher current output is required, several control tubes can be 
connected in parallel; if this is done small resistors should be placed 
in series with the grid, screen, and plate of each tube to damp out 
high frequency oscillations. 
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It should be emphasized that electronic regulation does not add 
as much to the cost of a power supply as might’ at first be supposed 



Fig. 10*3 A low current, high voltage regulated power supply suitable for 
light loads such as cathode ray tube anodes. 


since less filtering of the high voltage fed to the regulator is re- 
quired, a single-section LC filter being sufficient in most cases. 

A supply such as that shown in 
Fig. 10*2 can obviously be used 
to give a regulated negative volt- 
age if its positive output terminal 
is grounded. 

For some purposes it is desira- 
ble to regulate the intensification 
voltage applied to a cathode ray 
tube (Chapter 6). In this appli- 
cation it is generally permissible 
to use a power supply with a 
rather high internal impedance, 
since the load currents are very 
small. An ingenious method for 
obtaining protection of the high 
voltage against fluctuations in the 
a-c supply voltage is illustrated 
by the circuit of Fig. 10 • 3. This 
circuit, which was developed at 
the Radiation Laboratory, consists of an approximately 200-eycle 
oscillator which is powered by a well-regulated 300-volt supply. 
The tank circuit of the oscillator is the primary of a transformer 
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Fig. 10*4 Simplified schematic 
diagram of a degenerative voltage 
regulating circuit. 


from the secondary of which, after suitable rectification and filter- 
ing, the high voltage is derived. 

The performance of a regulated power supply may be expressed 
by its internal resistance Rq and its gain Aq. If Eh is the input 
voltage (Fig. 10-4), Eq the output voltage, and I the output cur- 
rent (neglecting the current through f2i, 52, and the VR tube) Rq 
and Af) are defined by the expressions 


dEo 

Aq = (constant load) 

dEh 


Rq »== 


dEa 

H 


It is desired to have both of these derivatives small. It can be 
shown that the following equations are approximately true if 
M2A0 1 • 


Ao 


Tpi + iSa ^1 + E 2 
E2 


( 10 . 1 ) 


fJo = Ao(rp2 + E) 


(10-2) 


where R is the internal impedance of the unregulated supply from 
which Eh is taken, and the remaining quantities have the signifi- 
cance shown in Fig. 10*4. For the circuit of Fig. 10*2, Aq « 0.005 
and Rq » 7.5 ohms, if i2 » 500 ohms. 

More elaborate regulating circuits have been devised which 
give closer regulation than the one shown in Fig. 10*2, though the 
latter is satisfactory for most purposes. Lawson * has described a 
power supply designed to deliver up to 360 milliamperes at 250 
volts which has an internal impedance of only 0.05 ohm. The out- 
put voltage of this supply changes lees than 5 millivolts for an a-c 
input change from 105 to 125 volts. 


10-2 CATHODE FOLLOWER CIRCUITS 

The load which a vacuum tube amplifier or other circuit is 
required to drive is frequently of low impedance, which requires 
that the output impedance of the circuit should also be low. In 
low frequency circuits such a load is frequently coupled to its 
’ J. L. lawson, Eadiatkm Laboratory Report 44, Feb, 26, 1945. 
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driver by an impedance-matching transformer. Since trans- 
formers are not as yet available of suflSciently wide pass band to 
serve in video circuits, low output impedances must be obtained by 
other means. The cathode follower circuit, illustrated in Fig. 10-6 
has been widely used for this purpose. The output impedance 
Ro of such a circuit can be shown to be approx- 
imately equal to the resistance of a parallel 
combination of the cathode resistor Rr and 
a resistor equal to the reciprocal of the trans- 
conductance of the tube: 


Rq = 


Rk 


1 + gmh>K 


(10.3) 



Fig. 10*5 Basic 
cathode follower 
circuit. 


Thus the output impedance of a 6AC7 cathode 
follower is less than 100 ohms. (It should be 
noted that in some circuits the plate current in 
a cathode follower is made to vary over a large 
range, so that the gm cannot be assumed to 
be constant; in the limit, if the plate current goes to zero, the 
output impedance becomes simply Rr.) 

The voltage gain of a cathode follower is 


^ ^ ijlRr 

" rp + (p + DRK 
or, if /i 1, as is usually the case. 


gmRK 
1 + gmRK 


(10.4) 


This expression shows that the voltage gain of a cathode follower 
is always less than unity, approaching unity as gmRK becomes 
much larger than xmity. However, the power gain may be very 
large, since very little grid signal power is in general required. 

The inverse 'feedback inherent in a cathode follower leads to 
good amplitude and phase characteristics up to high frequencies, 
and allows large input signals without overloading. The feedback 
also reduces the effective input capacity to ihe value C(1 — A), 
where C is the actual input capacity. The input resistance is 22^, 
unless the grid resistor is returned to the cathode instead of ground^ 
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Fig. 10-7. The common cathode resistor is usually taken large 
enough so that (n + 1 )Rk rp + Rl. In this case, if Fi and V 2 
have the same characteristics, the output voltages are as given in 
Table 10-1. Aq is the voltage gain to be expected for a single 
triode with no cathode degeneration; 


^iRl 

Tp -f- Rh 


( 10 ‘ 5 ) 


Table 10*1 Output Signals Obtained from the C>thode-Coupled 
Amplifier of Fig. 10*7 


Case 

Input Signals 

Type of Operation 

Output Signals 

a 

Cl ~ C2 

In-phase input signals 

^j>l = €p2 = 0 

b 

Cl * — C2 

Push-pull amplifier 

Cpi — — 6p2 = "-A061 

c 

€2=0 

Pliase splitter 

^pl “ = — iAoCi 

d 

61 7^ €2 

Mixer and phase splitter 

fipi = —ep2 ~ —• 2^Ao(ci — C2) 


Case a shows that in-phase signals, such as hum signals at the cathodes, 
are degenerated. Case h is useful for rebalancing push-pull signals. Case c 
gives a very satisfactorj’- method for splitting a “single-ended*^ signal into 
push-pull signals without using a transformer. Case d combines mixing two 
independent signals and phase splitting to give balanced push-pull outputs. 


10-3 MULTIVIBRATORS 

Multivibrators are widely used as frequency dividers or multi- 
pliers (hence the name), gate generators, and delay circuits. Nu- 
merous more or less distinct types are known; we shall describe 
three simple types which are useful in radar applications. 

Basic Multivibrator 

The basic circuit of a multivibrator is shown in Fig. 10 *8. It is 
composed of two regeneratively intercoupled amplifier stages. 
Owing to the regeneration the circuit is only stable with one tube 
conducting and the other one cut off. Suppose Vi is conducting 
and V 2 is out off. The charge on condenser Ci will gradually leak 
off, allowing the grid of V 2 to come up to the cutoff value. As 
soon as V 2 starts to conduct, the potential on its plate decreases, 
and because of the capacitive coupling the potential of the grid of 
also decreases. This causes the potential of the plate of Fj to 
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rise, and this rise is passed on to the grid of V 2 by Ci. Thus the 
grid of V 2 rapidly rises to zero potential, where grid current pre- 
vents further rise, and the grid of is driven far beyond cutoff. 
The potential of the grid of Vi now gradually rises toward cutoflF at 
a rate determined largely by the time constant RiC 2 \ when it 
reaches cutoff the situation is rapidly re- 
versed and the plate current shifts from V 2 
back to Vi. 

The waveforms associated with this cir- 
cuit are sho\vn in Fig. 10*9. If the two 
halves of the circuit are identical, the on 
periods are equal; they can be made un- 
equal by suitable selection of components. 
The drop of plate potential is very rapid, 
requiring only a microsecond or less, 
whereas the rise is relatively slow because 
of the time constant composed of the load 
resistor and various capacities, chiefly the 
coupling capacitor Ci which was largely dis- 
charged while the plate potential was low. 
On the other hand, the grid fall and the final 
grid rise are both very rapid (less than a mi- 
crosecond). The plate rise can be made 
faster by using video techniques as des- 
cribed in Chapter 5 (i.e., decreasing the 
load resistors and using tubes with low 
input capacities and high current-carrying 
ability). For examiide, if the output is to be taken from the 
plate of V 2 J one might employ a 6V6 for V 2 so that a large 
output would be available with a relatively small load re- 
sistor, and a 6AG7 for Vi. The grid rise and fall between zero 
volts and cutoff, which is very rapid, is large enough for many 
purposes; for example, this is a very convenient range of voltage 
for gating purposes (see Section 10*6) when the gating pulse is 
applied to the grid, or cathode (through a cathode follower), of a 
sl^rp cutoff tube such as a 6AC7 or 6SL7. In such a case direct 
coupling from ihe multivibrator grid may be used. 

The multivibrator in Fig. 10*8 is free-running. However, it can 
be synchronized with a repetitive waveform, such as a sine wave, 
of frequency somewhat hi^r than the natural frequency of the 
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Fig. 10*8 Basic multi- 
vibrator circuit. The 
two amplifiers are re- 
generatively inter- 
coupled, with the re- 
sult that at any instant 
one tube will be con- 
ducting and the other 
cut off, with periodic 
reversals of this sit- 
uation. 



multivibrator, or a multiple thereof. It is evident that if a small 
positive voltage is applied to the grid of V2 just before it reaches 
cutoff, the multivibrator will undergo its shift of plate current. 
Such a synchronizing voltage can be applied to both grids. Since 
the output of a multivibrator is rich in harmonics, the circuit can 
be used for frequency multiplication as well as for frequency 
division. 

+ 300V 


+ 90v 
+ 50 V 


Ov 
-20v 

-200v 

Fig. 10*9 Approximate ^• aveforms for the multivibrator of Fig. 10*8, ob- 
tained by using tne following circuit constants: 

Ehb ** 300 V Cl — C 2 0.001 /if 

« igj « 470A: « 72 « K6SN7 

Rz ^ Ri ^ 2AK 

The on periods of Vi and V2 can be rather closely approximated 
by the expressions Eh — E 

h = C1R2 In — ^ (10-6) 

Ec 2 

Ehb E2 

<2 = C2R1 In ^ (10-7) 

Eci 

where h, (2 are the on times of Vi and V2 respectively; Ei^ E2 are 
the plate potentials of Vi and V2 with the coupling condensers 
disconnected; Eci, Ec2 are the cutoff potentials of Vi, V2; and Ebb 
is the supply voltage. These expressions hold if R2^^pi and 
Ri rp2y where r^i, rp2 are the plate resistances of Vi, 72. 

Biased Multivibrotor 

For some purposes it is necessary for the multivibrator to go 
through just one cycle of operation initiated by an external trig- 
ger, and then to remain in its original state until another trigger 
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comes along. This is accomplished (Fig. 10 • 10) by replacing one 
of the coupling condensers of Fig. 10-8 by a ^‘direct^^ or resistive 
coupling, and by returning the grid to which this coupling goes to 
a negative voltage instead of to ground. If the components are 
properly chosen, the direct-coupled grid will be held well below 
cutoff. If a positive trigger is applied to this grid or, better, if a 
negative trigger is applied to the other grid, a regenerative shift 
of plate current takes place, which is again reversed as in a stand- 



Fig. 10*10 Multivibrator circuit with one tube biased below cutoff, so that 
no change takes place until an external trigger is applied. 

ard multivibrator when the capacitively coupled grid reaches cut- 
off after an interval determined by the time constant RC (Fig. 
10-10). Such a multivibrator is variously termed a biased, one- 
shot, or delay multivibrator. The small bypass condenser sup- 
plies a low impedance path to the grid of for the high fre- 
quency components of the plate changes of F 2 b- The waveforms 
■given in Fig. 10-9 apply qualitatively to this circuit, except that 
after the first plate returns to E\,b there is no further change until 
the time of the next trigger. 

The length of the “firing” interval of the multivibrator of Fig. 
10-10 is given approximately by equation 10-6 (with appropriate 
changes in symlrals) ; this length can be conveniently changed by 
varying B. This property makes this circuit convenient for pro- 
ducing a “delayed” trigger; in this application, the output of 
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either plate is coupled to the grid of a following tube by means of 
a differentiating circuit (page 166). 

For some purposes it may be desired to have the firing period of 
the multivibrator occupy a rather large fraction of the time be- 
tween triggers. Circuits similar to that in Fig. 10-10 cannot be 
used for duty cycles above about 0.7 because of the slow recovery 



Fig. 10- 11 Biased multivibrator with cathode follower recharging of the 
coupling condenst'r to p(*rmit high duty cycle operation. The grid resistor 
of the unbiased tube is returned to to decreases the variation in the time 
at which the grid of V2B reaches cutoff. 

indicated in the first curve of Fig. 10-9. The steps mentioned 
above which may be taken to decrease this recovery time also 
allow the duty cycle to be increased. The same result may be 
accomplished by the modification shown in Fig. 10-11. Here a 
rapid recharge of the coupling condenser C is brought about by 
using a cathode follower between the first plate and the condenser; 
this furnishes a low impedance path between the plate supply and 
the coupling condenser when the cathode follower grid potential 
is suddenly raised at the end of the firing period. With this 
arrangement the duty cycle can be increased to 0.9 or 0.95. 

The circuit of Fig. 10-11 also illustrates another important point. 
The grid of the second tube of the multivibrator is returned to Ebb 
instead of to ground, so that as this grid starts to recover after 
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being driven far beyond cutoff its potential follows an exponential 
law which approaches asymptotically to Ehh rather than to ground, 
and it will thus strike the cutoff value at a much steeper slope. 
The time ^^jitter^' of the trailing edge of the multivibrator output, 
which results from a-c voltages on the grid arising from heater- 
cathode leakage, power supply ripple, and the like, is much re- 
duced by this procedure since these small a-c voltages change the 
time of reaching cutoff by amounts roughly inversely proportional 
to the slope of the grid potential at this time. Obviously this pro- 
cedure can be employed only if Rx + R 2 is large enough to limit 
the grid current to a safe value. 


EcclesJordan Circuit 


The Eccles-Jordan circuit shown in Fig. 10-12 is derived from 
a multivibrator by using direct couplings in place of both capaci- 
tive couplings. This circuit, which is also called a “flip-flop^’ or 



Fio. 10-12 A typical Eccles-Jordan circuit. Because both tubes are biased 
a complete pycle of operation requires the introduction of two external triggers. 

‘^scale-of-two’' circuit has two stable conditions. The plate cur- 
rent is shifted to the second tube in the multivibrator part of the 
circuit by applying a negative trigger to the first plate or the sec- 
ond grid> and is shifted back by applying a negative trigger to the 
second plate or the first grid. These triggers may be introduced 
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through buffer stages as indicated. Small bypass condensers in- 
crease the speed of the grid changes. 

If positive triggers are applied to both buffer tubes simultane- 
ously, a shift of plate current will be caused by each successive 
trigger. If the output at either plate is differentiated and used, 
for example, to ‘‘fire^^ a blocking oscillator, triggers will be ob- 
tained at the time of alternate input triggers. Thus the circuit 
serves as a scale-of-two counter. 


10*4 CLAMPING CIRCUITS* 

Clamping tubes are essentially electronic switches which con- 
nect two points for a specified period. A clamp differs from an 
ordinary switch in several important respects: 

(a) A clamp can be opened or closed very rapidly, in a fraction 
of a microsecond if necessary. 

(b) When closed its impedance is usually in the range 300 to 
3000 ohms; when open this increases to several megohms. 

(c) In some cases the clamp can only connect two points, 1 and 
2, if point 1 is at a higher potential than point 2; such clamps are 
called single-ended. Double-ended clamps do not have this limi- 
tation. 

It will not be possible to enter into any extended discussion of 
clamping tubes and their properties. We shall merely give a few 
examples of circuits where clamps are used. 

D-C Restoration 

Consider the video amplifier of Fig. 10 13, designed to amplify 
positive pulses, with the diode removed. Suppose that the signal 
introduced on the grid is a large positive pulse of low duty cycle 
(cf. page 146). Then the average voltage will be very nearly the 
base voltage; since the average voltage is constrained to be Eccf 
the output from the amplifier will be as shown in Fig. 10*14 (a). 
Now if the duty cyde is increased to 60 per cent, the average volt- 
age will become half the pulse height, and the output will be as 
shown in Fig. 10*14 (b). It is evident that the amplification de- 

^ C. W. fiBierwin, Eadiatioii Laboratory Report 572, May 1944 
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creases as the duty cycle increases to 50 per cent. (The operating 
point is taken on the lower part of the giid-plate characteristic so 

that large positive pulses can be ac- 
commodated without saturation.) If 
now the diode is inserted, it has the 
effect of forcing the grid voltage to rise 
from the value Ecc on each signal re- 
gardless of the duty cycle, Fig. 10*14 

w. 

D-c restoration is also important in 
cases where some signals may be large 
enough to cause the flow of grid cur- 
rent, since then a negative charge is 
produced on the coupling condenser 
which can be removed rapidly only 
by a low impedance path such as is 
formed by the diode. This avoids the 
loss of weak signals after a large satu- 
rating one. Another use arises in the case of pulses so long that 
the input coupling time constant allows considerable droop dur- 



Fig 

fier 


10*13 A video ampli- 
stage with diode d-c 
restoration. 



Fig. 10*14 Illustrating the use of d-c restoration to prevent a change of 
amplification with change in the duty cycle of the input signal, (a) Low duty 
cycle signal, with full amplification; (b) high duty cycle signal without d-c 
restoration; (c) the same signal with d-c restoration, full amplification regained. 

ing the pulse (Fig. 10*15). In such a case the diode clamp 
removes the undershoot at the end of the pulse, and prevents 
the loss of weak signals immediately following the long pulse 
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It is evident that d-c restoration is of importance only when the 
amplitude of the input signals is an appreciable fraction of the 
dynamic range of the stage. 

Other examples of d-c restoration have been mentioned in 
earlier chapters. Some of these (cf. page 215) involve the use of 
double-ended clamps (see below). 

Recently germanium crystal rectifiers have been developed 
which have low “forward'^ impedances and large “backward” 
impedances for the potential differences met 
with in such d-c restoration applications as 
described above. The use of these crystals 
will obviously result in important savings in 
space and filament power i.s compared with 
clamping tubes. 

Demodulation 



Fig. 10-15 Re- 
moval of the under- 
shoot at the end 
of a long pulse by 
means of a diode 
connected as shown 
in Fig. 10-13. (a) 

Input signal; (b) 
signal at the grid; 
dotted line, with- 
out diode; solid 
line, with diode. 


The circuit of Fig. 10 - 16 (a) illustrates the 
application of a double-ended clamp to the 
demodulation of amplitude-modulated pulses. 

Each signal pulse should start a little before 
and end a little after the corresponding clamp- 
ing pulse. The demodulating action can be 
understood from Fig. 10-16 (6 and c). The 
same circuit has been used for the periodic 
.sampling of a varying audio signal in the pulse 
code modulation system of conununication.'^ 

The double-ended clamp may also be used 
for phase comparisons and for detecting the envelope of amplitude- 
modulated sinusoidal signals. The clamping signal in this case is a 
sine wave of the same frequency as the input signal, only the posi- 
tive crests of the clamping signal serving to close the clamping 
tubes. The d-e output voltage changes from positive to negative 
.as the phase of the input changes through 180°. An example of 
the use of this circuit for phase-sensitive detection is given on 
page 216. 

Another circuit for detecting amplitude modulation of short 
pulses is jahown in Fig. 10 - 17. .This circuit employs what amounts 
to a Bin^e*ended clamp; the condenser in the cathode circuit of 
* L. A. Meaohajoa and E. Peteison, Bdl System Tech. 27, 1 (194$). 
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Clamping 
pulse input 




Fig. 10*16 Demodulation by means of a double-ended clamp. The output 
is connected to the input during each clamping pulse, so that the output con- 
denser is charged or discharged to the pulse amplitude. The modulated pulse 
input is shown in (6). As indicated in (c), which represents the output, there 
is very little leakage from the output condenser if the output load has a high 

impedance. 


^bb 



Fig. 10*17 A demodulating circuit for detecting amplitude modulation of 
short pulses. The limitation imposed by the fact that is a singie*ended 
clamp is removed by ^^dunking’’ the charge on die condenser just before a 
new pulse arrives at the grid of Vi, 
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the clamping tube is cleared just before the arrival of the next 
pulse by means of a ^^dunking’’ pulse applied to the grid of a 
second clamp which discharges the condenser to ground. This is 
the basic circuit which was used in the work of Lawson* and 
others in studying modulation of radar echoes from various types 
of targets produced by various methods. In such applications, 
the signal to be studied is selected by means of a video amplifier 
which is gated on for an interval of a few microseconds at a time 
after the radar trigger corresponding to the range of the target. 
The dunking pulse precedes the gate by a few microseconds. 
With a carefully designed receiver and demodulation circuit it has 
been found possible to detect an amplitude modulation of a radar 
echo occurring at a single low audiofrequeiuy amounting to as 
little as a few hundredths of a per cent. 


10*5 BLOCKING OSCILLATOR COUNTING CIRCUITS 

Numerous situations arise in which it is necessary to reduce the 
frequency of a pulsed signal, or actually to count the number of 
pulses arriving in an interval of time. A familiar example ^ is the 
counting of the Geiger counter discharges produced by a radioac- 
tive material. Such counting is frequently accomplished by cas- 
caded scale-of-two circuits similar to the one shown in Fig. 10 • 12, a 
sufficient number of circuits being employed to reduce the average 
pulse rate to the point where the counted down pulses can be re- 
corded by an electromechanical counter. In radar work it is fre- 
quently necessary to reduce pulses produced by a crystal-con- 
trolled oscillator to a lower frequency for use as range marks 
(page 187) or as a system trigger. 

It has been found that counting, or scaling, circuits based on 
blocking oscillators (page 159) give satisfactory operation at count- 
ing ratios as high as 1 to 10. Figure 10 • 18 gives the schematic 
diagram of a circuit of this type, together with representative 
waveforms (the steps in waveform at the test point are exaggerated 

* J. L. Lawson, editor, Radiation Laboratory Report SIO May 1944; R. M, 
Ashby, F. W. Martin, and J. L. Lawson, Ra^ation Laboratory Report 914, 
March 1946; J. M, Sturtevant, Radiation Laboratory Report 654, Jan. 1945. 

^ E. C. Pollard and W. L. Davidson, Apjjlied Nudear Physics, John Wiley 
and Sons, Inc., Chapter 3, 1942. 
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in amplitude relative to the input pulses). The input pulses of 
constant amplitude, which may be spaced at irregular intervals, 
are taken from a low impedance source such as a blocking oscilla- 
tor. The pulses are reduced in amplitude by the voltage divider 
composed of Ci < C2. C3 is much larger than C2 and therefore 
only affects the voltage division slightly; the purpose of C3 is to 
furnish a low impedance test point at which the counting opera- 




Waveform at test point 


Output pulses 


Fig. 10*18 Schematic diagram of a blocking oscillator counting circuit, and 
typical waveforms. This type of circuit can be employed with irregularly 

spaced pulses. 


tion can be observed with a test oscilloscope without disturbing 
the circuit. The reduced pulses gradually charge C2 along a step 
curve as shown until the potential of the grid of V2A is increased 
to the point where the blocking oscillator fires. The heavy flow 
of grid current during the firing of the blocking oscillator rapidly 
discharges C2 to a negative potential determined by the setting of 
Bi and the value of Ecc- It is evident that the overall counting 
ratio is detennined by several factors; (a) the size of the input 
pulses and the ratio of Ci to C2; (6) the negative bias supplied by 
Ri and Eec; (c) the cutoff potential of V2A] and (d) to a lesser 
extent by the characteristics of the pulse transformer used. Stable 
counting by a factor of 5 can be obtained with no special precau- 
tions; with careful control of aU voltages, including the filament 
voltage of V2Af this factor can be extended to as high as 10 * With 
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Waveform at @ with 
2000 yd marks 
connected 


Fig. 10*19 Diagram of the blocking oscillator counting circuit used in the 
A and R scope (Radiation Laboratory), and representative waveforms. A 
circuit of this type may be used only with regularly spaced pulses. 


all other conditions held constant, the counting factor can be 
varied over a small range by adjustment of -Ri. 

A somewhat simpler counting circuit is obtained by synchroniz- 
ing a free-running blocking oscillator with pulses of higher fre- 
quency. It is evident that a scheme of this sort can be employed 
only with pulses of constant spacing. The circuit in Fig. 10*19, 
used in the so-called A and R scope developed at the Radiation 
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Laboratory, gives a stable counting ratio of 1 to 5 with 20t)0-yard 
range marks as the input. A qualitative understanding of the 
operation of this circuit can be obtained from the waveforms given 
in the figure. A detailed discussion is given by Easton and 
Odessey.® 

10*6 GATED AAAPLIFIERS 

A gated amplifier is an amplifier which is operative only during 
intervals when a gating pulse, or gate, is applied to one of its elec- 
trodes. Several illustrations of the applications of gating have 
been given in earlier chapters. In a pentode, gating may be accom- 
plished by applying a positive pulse to the plate, suppressor, screen, 
or control grid, or a negative pulse to the cathode, the gated elec- 
trode being normally biased so that no plate current flows except 
dxiring the gating period. There is no need to discuss here the 
more or less obvious methods available for generating gating 
pulses and applying them to the gated tube. 

If the amplifier to be gated has an appreciable response in the 
range of frequencies contained in the gating pulse, the output 
during the gate will have a different d-c level from that outside the 
gate because of the interrupted plate current. The output gated 
signals will thus ride on a so-called pedestal. For some purposes 
this pedestal is not objectionable, or may even be desirable. In 
other cases, as for example when the signals are to be applied to 
an intensity-modulated cathode ray tube which is not normally 
biased beyond visual cutoff, such a pedestal is not permissible. 
The formation of a pedestal may be prevented by adding a com- 
pensating tube which carries the plate current except during the 
gating period. 

Figure 10-20 illustrates a non-pedestaling cathode-gated video 
stage which is convenient when the gating pulse is supplied by a 
6SN7 multivibrator or Eccles-Jordan circuit. This stage has a 
gain of about unity with sufficient bandwidth to handle 1-micro- 
second pulses for most purposes, and is suitable for positive or 
negative signals of a few volts amplitude. Vzb is a compensating 
tube which carries the plate current when V^a is gated off. Fju 
and V 2 B are cathode followers for driving the 6SL7 cathodes. 
When Via is conducting, the cathode of V^b is held at a high 

® A. Easton and P. H. Odessey, Electronics, SI, 120 (May 1048). 
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enough potential so that this tube is cut ofif and, when is con- 
ducting, VzA is cut off. Short switching transients will occur at 
the start and finish of each gating period; these are minimized by 
designing the source of the gating pulses to give as rapidly rising 
and falling gates as possible. 

When the video signals are supplied from a low impedance 
source such as a 75-ohm cable, grid gating can be employed and 


“ur 



Fig. 10*20 Diagram of a non-pedestaling cathode-gated 6SL7 video stage. 
The gating pulses are supplied by the 6SN7 multivibrator. Vba is the video 
stage, and Vbb is the compensating tube which carries the plate current while 

Vba is cut off. 

the signals applied to the cathode of the gated amplifier. If capac- 
itive coupling is used, a large capacity will generally be required to 
give a suflSciently long time constant. The grids of the amplifier 
and compensating tubes are tied directly to the multivibrator 
grids. 6AC7's for hi^ gain, or a 6SN7 for a gain of about unity, 
may be used for the amplifier and compensating tubes. 

As an application of video gating we may cite the use of this 
type of circuit as a ^local interference blanker^^ in both scientific 
and radar applications (cf. page 271). For example, video ampli- 
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fiers used in high speed and coincidence coimting in nuclear re- 
search will probably be subject to interference from large video 
pulses radiated or conducted from high power nuclear machines 
such as linear accelerators. In such cases it will usually be far 
better to blank the counting circuit during each interfering pulse, 
thus discarding some small (measurable) fraction of the time, than 
to run the risk of getting spurious counts or coincidences. The 
blanking circuit will be synchroni^sed with the interfering system 
by means of a trigger supplied by the latter. 

PROBLEMS 

10 •! Derive an expression for the minimum operating voltage drop in R 
(Er in Fig. 10*1) necessary for certain striking of the arc in a VR tube, in 
terms of Eos the operating voltage across the tube, Es, the striking voltage, 
I Li the operating load current, and IvRy the operating tube current. Assume 
the load to be resistive. Calculate the minimum supply voltage needed in 
the case of a VR-105 {Es = 133 volts, Eo = 104 volts), if ii, ~ 50 ma and 
JvR ~ 20 ma. 

10-2 Derive equations 10*1 and 10-2. Note that by definition 


M2 

d(Eb - Eo) 
d{Eo — Eq2) 

(7 constant) 

m 

dl 

{Eh — Ed constant) 

rp2 

d{EQ — Eq^ 

1 

dl 

{Eq — ^g 2 constant) 

rp2 

d{Eh JS'o) 


where the quantities have the significance shown in Fig. 10 • 4. 

10*3 Draw the equivalent circuit of a cathode follower, and verify the 
results given in equations 10 -3 and 10*4. 

10-4 From a consideration of the equivalent circuit for the cathode- 
coupled amplifier of Fig. 10 -7, derive the results given in Table 10-1. Calcu- 
late the approximate magnitude of the plate-to-plate a-c voltage for a 6SL7 
cathode-coupled amplifier having Rl = Rk — lOOX, with grid signals ei — 
— e 2 of 0.5-volt amplitude. 

10*6 Show the derivation of equations 10*6 and 10*7. Calculate the 
expected frequency of a free-running multivibrator having the circuit constants 
given in Fig. 10*9. 

10 '6 Give the circuit constants for a counting circuit of the type shown in 
Fig. 10* 18, which is to give a counting factor of 5 with lOO^volt input pulses. 
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CHAPTER 


1 1 


RADAR AND ITS 
ACCESSORIES 


Up to the present we have been considering the techniques 
which have evolved in the past few years under war pressure. In 
the three remaining chapters we propose to describe some applica- 
tions of these techniques. There can be no doubt that for a com- 
bination of pulse circuitry, microwave technique, and modem 
cathode ray tube technique, radar is as good an illustration as one 
can choose. Moreover radar is not only a weapon which greatly 
helped to turn the tide of war; it has many peacetime uses, so 
that much more than historical interest attaches to it. 

Three demands are made on radar: location, identification, and 
control. Radar is expected to detect the presence of some object, 
like a buoy in a harbor, or an aircraft approaching an airfield or 
a storm. It is expected to tell which buoy, what kind of aircraft, 
whether belonging to an airline or to the Army. There is also the 
demand to provide means by which something can be done about 
the object located, for example navigate a ship, or land an air- 
craft, or combine storm information with data from other stations 
to enable prediction of the weather. 

These general demands assume different characters as soon as 
each is faced squarely. For example, the detection of buoys turns 
out to be very easy. The detection of high, fast, cylindrical rockets 
is not so easy, and the writers do not at present know of any satis- 
factory method of doing this. The marking of a buoy in a harbor 
is also very easy. The marking of aircraft is not very difficult, 
provided too much is not expected. The navigation of a ship is 
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very easy, but the control of dense air traffic near a large city needs 
more elaboration. Therefore different radars, unlike modem auto- 
mobiles, really do look different. A ship navigation radar is small 
and simple; the same is true of an airborne navigation radar. A 
ground control radar is large and complex. A radar for landing 
purposes is even more specialized. 

Hie impact of the demands on the radar designer accounts for 
the diversity of radars and explains the need for intensive research 
even after the basic problem has been solved. 

The following paragraphs present a discussion of the physical 
basis of radar, attention being focused on pulsed microwave radar. 
This discussion is followed by brief descriptions of several radar 
sets representative of some of the important types developed for 
specialized applications. Finally some useful and interesting acces- 
sories of radars are considered. 


IM PHYSICAL BASIS OF RADAR 

It has been known for many decades that electromagnetic radia- 
tion incident on any discontinuity in the medium “carrying’^ the 
radiation is reflected to a greater or lesser extent. Obviously any 
material object such as those mentioned above furnishes such a 
discontinuity. It is the purpose of a radar system to radiate 
electromagnetic energy and to detect any of this energy which 
may be reflected from objects at some distance from the radar. 
At first thought it seems rather surprising that a small aircraft at 
a distance of 100 miles reflects enough energy to be detected. The 
amount of reflected energy which gets back to the radar is indeed 
extremely small, but it can nevertheless be well within the limits 
of detectability. 

Obviously some means must be provided in the radar system 
for distinguishing the transmitted from the reflected energy. This 
is almost always accomplished by some system of Him discrimina- 
tion. The most widely used type of time discrimination is that 
employed in pulsed radars; our further discussion will be limited to 
radars of this type operating at frequencies in the microwave re- 
gion. The radar transmitter is turned on for an interval of the 
order of a microsecond and thus radiates a short pulse of r-f 
energy. After an interval of time determined by the range of the 
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object to be detected, a reflected pulse of r-f energy returns and is 
suitably detected and interpreted. In this way the reflected energy 
is received at a time when there is no local disturbance to confuse 
the reception. 

The transmitted and reflected energies can also be distinguished, 
with a continuous wave (c-w) radar, by means of the frequency 
modulation due to the Doppler effect produced by a moving tar- 
get. Such radar may have future possibilities, but it was not in 
general use by the end of the war. 


Antenna 



Fig. 11-1 Simplified block diagram of a pulsed radar system. 


Figure 11*1 gives a highly simplified block diagram of a radar 
system. A modulator supplies large video pulses, at a repetition 
frequency of several hundred per second, to a magnetron or other 
microwave oscillator. The resulting r-f pulses are radiated by an 
antenna. The antenna in nearly all cases is rather highly direc- 
tional, so that the radiated r-f power is confined to a restricted 
range of directions. Reflected power is picked up by the antenna 
and fed through a duplexer, which prevents damage to the mixer 
by the large r-f pulses from the transmitter, to the receiving sys- 
tem, where it is first converted to the intermediate frequency by 
the mixer and then greatly amplified and detected to give video 
signals. The latter are fed to appropriate indicators, which may 
number as many as 24 in high power search radars; the indicator 
sweeps are rigidly synchronized with the transmitted pulses by 
means of triggers obtained from the modulator. 

The radiated pulse in its flight out to the target and back travels 
with the speed of light (186,284 miles per second). It is thus 
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necessary that the measurement of the time interval between the 
transmission of a pulse and the reception of the signal be carried 
out with a precision of the order of a microsecond or better if sig- 
nificant information about the range of the target is to be obtained. 
The data in Table 11 • 1 give an idea of the magnitude of the time 
intervals involved in radar ranging. It is interesting to note that, 
with some precision radars used for obtaining information for gun 
fire control, range is determined with an accuracy of about 20 
yards, which corresponds to about 10 second. 


Ranges and Two-way Transmission Intervals 


Table 11 •! 

Range Unit 
Yards 

Statute miles 
Nautical miles 


Range Units per 
Microsecond 

163.0 

0.0932 

0.0809 


Microseconds 
per Range Unit 

0.00610 

10.73 

12.36 


When a directive antenna is used, means have to be provided 
for pointing the antenna in any desired position, or for causing it 

to sweep systematically all impor- 
tant directions, a process called 
scanning. Since it is important to 
know the direction of a target as 
well as its range, indicators such 
as PPI^s (page 206) must be prop- 
erly synchronized with the antenna 
position. This synchronization is 
accomplished by methods described 
in previous chapters. It can be 
readily appreciated that accurate 
pointing of an antenna, which may 
weigh as much as several hundred pounds, is a complicated task, 
especially if the ultimate support for the antenna is a rolling, 
pitching, yawing ship or aircraft. 

The coordinate aystem customarily used in radar practice is 
shown in Fig. 11 •2. The direction of the radius vector from the 
radar to the target is specified by two angles. The azimuth ^ is 
the direction of the projection of the vector on the horizontal from 
a fixed reference direction, usually taken as true north, and the 
elevation S is the angle between this projection and the vector. 

320 



Fig. 11-2 Polar coordinate sys- 
tem customarily used in radar 
location; r * range; ^ « azimuth; 
0 =s elevation. 



The Range Equati^ (Free Space Propagation) 


It is important to consider the problem of how the maximum 
range at which a radar can detect a target is related to the various 
characteristics of the radar and the target. We will for the present 
assume that both the radar and the target are located in free space, 
so that interference and diffraction due to the earth^s surface, and 
absorption and other effects due to the atmosphere, are absent. 

Suppose that rectangular r-f pulses of peak power Pt are pro- 
duced by the radar transmitter. The antenna concentrates this 
power into a beam so that the power radiated in the direction of 
maximum intensity is greater than Pt by a factor G called the 
antenna gain (Chapter 4, page 123). After the pulse has traveled 
a distance r in free space, the power density (power per unit area 
of the spherical wavefront) is equal to PtG divided by the area 
47rr^ of a sphere of radius r. If the pul«it" hits a target of scattering 
cross section <r (see page 339), the scattered power is the power in- 
tercepted by the area <r, which is 

PtG 


(T is defined in such a way that this power is to be considered as 
isotropically scattered. After traveling the distance back to the 
radar, the pulse is again reduced in power by the ‘^space attenua- 
tion^^ factor of l/(4trr^). If the effective aperture of the antenna 
(actual aperture multiplied by an efficiency factor e having a value 
in the neighborhood of 0.6 for microwave antennas) is A, the peak 
power Pf delivered to the receiving system is 


Pr = Pt 


GA 


(IM) 


For the important case of an antenna consisting of a dipole radia- 
tor located at the focus of a parabolic reflector, G and A are related 
by the expression (cf. page 126) 



G\^ 

(11-2) 

In this case we then have 

4 = — 

4ir 

Pr 
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It is convenient to express power ratios in decibels. If we define 

Pr 

db = 10 log — 

Pt 

db, 

dbg = 10 log — 

4jr 

dbj^ « 10 log ^ 

equation 11-3 becomes 

(B> == dbg “b dbs 4“ 2 (R>p^ 

Evidently, dbp^ expresses the attenuation due to one-way trans- 
mission in free space, and has the values ^ given in Fig. 11-3. It 
may be noted here that equation 11-5 may be generalized to 
include conditions of propagation other than free space conditions 
by replacing dbp^ by dbp, the field intensity at a point in real 
space referred to that at a point in free space 1 meter from the 
antenna. As we shall see later, dbp may be a complicated func- 
tion of range and other factors. 

In order to illustrate the orders of magnitude involved in equa- 
tion 11*3 we may consider the case of the MEW (Microwave 
Early Warning), a high power ground-based radar which played 
an extremely important role in the war. This set operates at a 
wavelength of 10 centimeters, and develops a peak power of 
approximately 10® watts. The antenna reflector is a parabolic 
cylinder 24 feet long and 8 feet high, the gain being slightly less 
than 10^ (dbg = 38). For a medium aircraft target having cr — I 
square meter (dfe, — —11) at a range of 100 miles (dbp^ — —104), 
we have 

db = 38 - 11 - 208 = -181 

so that 

Pr « « 10-^^^ watt 

^ The unit of length employed in calculating the values of dbp^ in Fig. 11*3 
is the meter, although they are plotted against statute miles. Thus the plot 
shows the field intensity at a pcixit in free space relative to that at a distance 
of 1 meter from the antenna. Obviously the meter is to be used as the unit ' 
of length in expressing X, v, and A. 


(11.4) 


(11-5) 
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This is an extremely small amount of power, but as we shall see 
presently it is nevertheless readily detectable. 

In Chapter 8 we discussed at some length the limitation imposed 
by noise on the sensitivity of a receiver. (In the present discus- 
sion the mixer is for convenience included in the receiver.) If 
we assume that the power Pmin of the minimum detectable signal 
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Fig. 11-3 Field intensity of a point in free space relative to the field intensity 
at a distance of 1 meter from an antenna, plotted as a function of the distance 
of the point from the antenna. 

is equal to the effective noise power at the receiver input ter- 
minals, ^ then 

= (NF)kTAf (11.6) 

where (NF) is the receiver noise figure (page 247), k is Boltzmann’s 
/constant, T is the absolute temperature, and Af is the bandwidth 
of the receiver. The bandwidth is usually determined primarily 
by the bandwidth of the i. f. amplifier (page 227). The maximum 

> This assumption is an approximation. Signals having powers less than 
the receiver noise power by several decibels can be detected under some cir- 
cumstances, because the signal pulses have different shapes from noise pulses* 
On the other hand, factors such as scanning losses may result in the minimum 
detectable signal power being considerably larger than the receiver noise 
power. These points are given further attention below. 
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range r^ax at which a target of scattering cross section <r can be 
detected is thus given by the range equation 


/ Pt Y 

\Pmin(47r)^ / 


(11-7) 


It is to be remembered that this equation applies only to a target 
in the direction of the maximum of the antenna pattern. Since 
the value of r^ax depends explicitly on the extra-radar factor cr, as 
well as implicitly on propagation, a more significant measure of 
radar performance is the performance figure: 

Pt 

d6o = lOlog:— ~ (11.8) 

Pm'm 

It is evident that the range equation can be written 

= (i6o + *« (11*9) 

The MEW receiver has a noise figure of approximately 10 
decibels and a blindwidth of about 1.6 megacycles; therefore 
^min ^ 6.4 X 10“"^^ watt (T = 300®K), and dbo = 230. Taking 
again the value dbg = —11 (medium aircraft target), (d6p)jaax 
= —109.5. If free space conditions apply y reference to Fig. 11*3 
shows that the MEW should be able to see a medium aircraft at a 
maximum range of about 180 miles (if no allowance is made for 
scanning losses). 

Equation 11 -7 brings out the fact that r^ax increases very slowly 
with increases in transmitted power or receiver sensitivity. If 
Pt is doubled, r^^^ is increased by only 19 per cent. 


n-2 DISCUSSION OF THE RANGE EQUATION 

There are several inter-relations between the various terms in 
equation 11*7 which are not immediately obvious. It is the pur- 
pose of this section to discuss some of these relations. Two types 
of factors need to be considered, namely those dharacteristic of 
the radar itself and those independent of the radar. 
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Antenna Gain and Beam Width 


The quantities G and X appearing in the range equation are not 
independent. For a parabolic reflector of circular aperture, equa- 
tion 11-2 and the definition of the efficiency factor € show that 


(? = 


eir 




where D is the diameter of the reflector. Substitution in equation 
11*7 gives 

LPmin64\X/ J 


The beamwidth is roughly proportional to the ratio X/D; thus r^ax 
is increased by an increase in wavelength if the reflector size is also 
increased to maintain constant beamwidth. However, r^ax is 
more strongly dependent on beamwidth than it is on wavelength, 
so that it is generally advantageous, within limitations imposed 
by such diverse factors as scanning losses and available oscillator 
powers, to use the narrow beamwidths obtainable with antennas 
of reasonable size in the microwave region, rather than to go to 
longer wavelengths and broader beams. Narrow beamwidth 
gives the added advantage of improved azimuth and elevation 
discrimination between targets. 


Receiver Bandwidth 

Equation 11-6 shows that the power of the minimum detectable 
signal is directly proportional to the receiver bandwidth, so that 
it is important to make the latter no greater than necessary. How- 
ever, as the bandwidth is decreased, the rise time of the output 
pulse is increased because of attenuation of the high frequency 
components in the pulse spectrum (cf. Fig. 5*3), and a point will 
eventually be reached at which the output pulse does not have 
time to achieve its proper full amplitude in the short interval 
corresponding to the input pulse width. Actually no definite 
statement can be made about the best compromise which can be 
reached here, since the optimum bandwidth depends on a variety 
of factors, such as how the output pulses are going to be displayed 
and what uses one wishes to make of the displayed pulses. J. L. 
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Lawson and his group at the Radiation Laboratory have made 
extensive experiments along this line. They have found, for 
example, that for the A-scope (Chapter Six) type of presentation 
the overall sensitivity of signal detection is greatest when the re- 
ceiver bandwidth is about 1.2/r, where t is the input pulse width. 
The minimum discernible signal under these conditions is increased 
by 0.6 decibel by doubling or halving the optimum bandwidth, 
and by about 5 decibels if the bandwidth is changed by a factor of 
10 or 0.1. 

In some cases minimizing Pmin niay be a matter of secondary 
importance in selecting the receiver bandwdth. Thus, a wide- 
band receiver may be selected because a short pulse rise time is 
desired for purposes of accurate range measurements, or in order 
to decrease the difficulty of receiving a signal transmitted by a 
beacon (Section 11*4) which may not be tuned exactly to the radar 
signal, or even to provide greater leeway in tuning the receiver to 
its own transmitter. 


Pulse Width and Average Power 

The average power Pav radiated by a transmitter is equal to the 
peak power multiplied by the dvtiy cycle 6, defined as the fraction of 
the time the transmitter is actually radiating. Evidently the duty 
cycle is given by 

h^rfr (IMO) 

where /r is the pulse repetition frequency. In the case of the MEW, 
r = 1 microsecond and /r = 350, so that 5 = 3.5 X 10“^ and 
Pav = 350 watts. The MEW is considered to be a high power set, 
even though its average power is only 350 watts. 

As pointed out above, in many radar applications the optimum 
receiver bandwidth is reciprocally related to the pulse width: 



where m is a factor usually not very different from 1*2. Substitu- 
tion of equations 11*6 and 11*10 in the range equation (equation 


11*7) gives 




1 Y 

m(JVF)*2’(4ir)* V 
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It is ’thus evident that, provided the receiver handrvidth is held at its 
optimum value {m = constant), the maximum range depends on 
the average rather than the peak power. So far as range alone is 
concerned, there is no real merit in using very short bursts of 
very high power, because this requires the use of a wideband re- 
ceiver with accompanying large noise power. However, there are 
two generally valid reasons for using the available average power 
in the form of short pulses. In the first place, range resolution is 
better with short pulses; two targets at approximately the same 
azimuth and elevation cannot be distinguished if they are closer 
together in range than the distance corresponding to approxi- 
mately one pulse mdth. A second consideration favoring short 
pulses is that the signal enei'gy returned from an aircraft or other 
relatively small target decreases more slowly as the pulse width 
decreases than does the return from clouds, sloping land, and 
jamming devices such as “window^’ (page 269), because the 
energy in a single reflected pulse can arise from reflections occur- 
ring at points separated in range by a distance of the order of one 
pulse width. This integration effect means that short pulses favor 
the type of target of usual interest as compared with targets con- 
sidered in most cases as interfering. 

Repetition Frequency 

According to equation 11 • 11, if peak power and all other factors 
are held constant, doubling the repetition frequency will have no 
effect on fma*, since the ratio P^v/fr will remain constant. How- 
ever, two points which influence the choice of fr may be mentioned. 
Because of the integrating effect of the fluorescent screens used in 
radar indicators (Chapter 6) and of the human eye, the minimum 
discernible signal is somewhat decreased by an increase in /r. It 
has been found empirically that P^ is approximately propor- 
tional to On the other hand, fr cannot be increased too 

much, since time must be allowed between transmitted pulses 
for echoes to return from the most distant targets the radar is 
expected to detect. That is, /r must be less than the velocity of 
li^t divided by twice the maximum expected range. 

In view of the preceding comments, the question arises as to 
whether a given available average power is most effectively utilized 
by increasing the repetition rate or the peak power. Since the 
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signal discemibility increases roughly as the square root of fr and 
as the first power of the answer is obviously to increase Pt, 
provided the equipment permits this to be done. 

Pulse Shape 

It has been assumed throughout the foregoing discussion that 
the transmitted pulse envelope approximates closely to a rectan- 
gular shape. It is true that rectangular pulses contain considerable 
power in sideband components too far removed from the carrier 
frequency to be passed by a receiver of optimum bandwidth, so 
that one might expect a more efficient utilization of power would be 
obtained by using somewhat rounded pulses. However, high 
frequency oscillators undergo considerable frequency modulation 
when they are amplitude-modulated, so that if the modulating 
pulse amplitude rose slowly, the output r-f frequency would not 
come within the receiver pass band imtil nearly full pulse ampli- 
tude had been reached. 

Scanning and Scanning Losses 

In order to cover the solid angle of interest it is necessary to 
move the antenna beam in some more or less systematic way 
known as scanning. Several types of scanning are employed, the 
commonest being circular scanning, in which the antenna is 
rotated continuously about a vertical axis, and sector scanning, 
in which the antenna is rotated back and forth through a certain 
angle about a vertical axis. Circular scanning is ordinarily em- 
ployed with search radars such as the MEW, adequate vertical 
coverage being obtained by some such device as having the antenna 
pattern broader in elevation than in azimuth. 

It is evident that as the scanning rate is increased there will 
eventually be an appreciable probability that no pulse will hit 
the target during the very brief interval when the beam is travers- 
ing the target. Long before this extreme condition is reached 
there is an appreciable loss in effective signal strength, which must 
be carefully considered in designing a radar. Lawson and his 
coworkers have studied this problem in detail and have arrived 
at the following semiempirical formulation of scanning losses. If 
Tf is the period of the scanning motion in seconds, F is the frac- 
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tion of the time the antenna beam is on the target, and Sgo/N is 
the ratio of the signal power required for visibility 90 per cent of 
the time (under carefully specified test conditions) to the noise 
power, then 




if Tp > S seconds 


if Tp < S seconds 


(1M2) 


(1M3) 


Here (Sgo/N)o is the signal to-noise ratio under ^^searchlighting’’ 
conditions (F = 1); therefore the ratio on the left side of these 
equations can be interpreted as the reciprocal of the scanning loss. 
Equation 11-12 shows that the scanniiig loss becomes unity if the 
scan rate is decreased until it takes 8 seconds for the antenna 
beam to traverse the target. The loss is greater than indicated by 
equations 11-12 and 11-13 tor very high vsean rates or very narrow 
beams. It is somewhat less than predicted for stationaiy targets 
since then advantage is gained from the integrating effect of the 
persistence of the indicator screen. The improvement from this 
cause is at most a little more than 1 decibel. 

The scan rate of the MEW is 4 revolutions per minute, so that 
Tp = 15. The beam width in azimuth is 1®, so that F = for 
small targets such as aircraft. Therefore the scanning loss is 
1/13.8, or 14 decibels. The loss would be increased by 3 decibels 
if the scan rate were increased to 16 revolutions per minute, or 
the beam width decreased to 0.25®. It should, however, be noted 
that a decrease in beam width caused by an increase in antenna 
size would be accompanied by an increase in antenna gain which 
would far outweigh the increased scanning loss, provided the 
beam width is not below the range of applicability of equations 
11-12 and 11-13. Increase in one dimension of an antenna of 
rectangular aperture causes an approximately proportionate in- 
crease in gain ; therefore rmax is proportional to the square root of 
antenna dimension so far as this effect is concerned, and is in- 
versely prc^rtioiial only to the one^ei^th power of the dimension 
so far as the scanning loss is concerned, leaving a net effect propor- 
tional to the three-eighths power of the dimension. 
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A further limitation, apart from the scanning loss discussed 
above, on the permissible scanning speed is imposed by the finite 
velocity of the radar pulse. It is of course necessary that the re- 
flected pulse return to the radar antenna before this has turned so 
far that it cannot detect the returning pulse. If we consider, for 
simplification, an antenna which scans in azimuth only, the rate of 
antenna motion in degrees per second should be considerably less 
than the beam width in degrees divided by lO-Tr^ax X 10~®, where 
is the maximum range, in miles, at which target detection is to 
be accomplished. Thus, a radar with a 1® beam used for detection 
out to 100 miles should have a scan rate less than 3 revolutions per 
second. 

Extra-Radar Factors Affecting Performance 

Two factors external to the radar which affect r^ax are of funda- 
mental importance: the propagation of the transmitted and re- 
flected power through the space between the radar and the target, 
and the scattering of the transmitted power by the target. Both 
of these subjects are quite complex, and a complete discussion of 
them would be outside the scope of this book. We shall merely 
mention briefly some of the more important points and attempt to 
give some idea of the magnitudes of the effects commonly en- 
countered. 

Propagation 

The assumption of free space propagation which has been made 
so far in this chapter obviously cannot be exact in radars func- 
tioning on or near the surface of the earth, although it is a remark- 
ably good approximation in microwave radars looking over land 
of average roughness at airborne targets not too near the horizon. 

Electromagnetic radiation at very high frequencies is restricted 
to propagation over essentially line-of-sight paths, except for dif- 
fraction effects which permit seeing around small objects or over 
the horizon to a small extent, and for occasional periods of ab- 
normal atmospheric refraction. Thus a land-based radar which is 
used for detecting aircraft diould be sited so that no hills cause 
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shielding above the minimum elevation angle of importance.* The 
most obvious result of line-of-sight propagation is the existence of 
a radar horizon. As a general rule the atmosphere nearest the 
earth's surface has a very slightly higher index of refraction, which 
decreases approximately linearly with altitude, for radiation in 
the range of radar frequencies, so that the radar horizon is a little 
more distant than the optical horizon. This refractive effect is 
usually accounted for by assigning an effective radius to the earth 
about 1.33 times its actual radius. Thus, for an antenna height 
ha and target height the horizon range is 

J%(Vha + -^t) ni-u) 

where a is the earth's actual radius. It happens that if is ex- 
pressed in statute miles and hay ht in ^'eet, this equation becomes 
very nearly 

n = V2(VK+\/ht) (11 -16) 

It sometimes happens that the rate of decrease of refractive 
index with altitude becomes abnormally large, as, for example, 
when hot dry air from a land mass moves out over cold water. 
This leads to the formation of so-called trapping layers^ such 
that the radiation from a source below the top of the layer extends 
with roughly inverse square law attenuation to distances quite 
far beyond the normal horizon at low altitudes, but with high 
attenuation at high altitudes. Under such conditions the radar 
range for targets close to the surface may be several times the nor- 
mal value, while high-flying aircraft are not detected beyond very 
short ranges. As reported by Pekeris,* a rapid decrease of moisture 
with elevation commonly occurring at Antigua in the British West 
Indies leads to persistent ducts 20 to 40 feet high, as a result of 
which 10- and 3-centimeter radiation from antennas close to the 
surface is propagated out to ranges as great as 200 miles. 

’ Ground radars are sometimes deliberately sited with low angle shielding 
close to the radar to reduce the confusing dteplay of echoes from fixed land 
targets on the radar indicators. It is evident that under normal radar opera- 
tion an aircraft target lat any elevation would not show up if it were at the 
same range and azimuth as a land mass giving a strong area of signals on the 
indicators. 

^ C. L. Pekeris, Proc. 453 (1947). 
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At very high frequencies, absorption of electromagnetic radia- 
tion, chiefly by water in liquid form, may very seriously affect 
radar performance. The estimated figures® given in Table 11*2 
are indicative of orders of magnitude to be expected. 


Table 11*2 Estimated Absorption of Radiation by Rainfall 


Description of 
Rainfall 

i 

Precipitation 
(mm per hr) 

Attenuation (db per mile) 

3,000 me 

10,000 me 

30,000 me 

Fog 

0.01 



0.0033 

Drizzle 

0.1 


0.005 

0.033 

Light rain 

1 

0.004 

0.05 

0.33 

Heavy rain 

10 

0.04 

0.5 

3.3 

Cloudburst 

100 

0.4 

5 
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It should be emphasized that trouble may also be experienced as 
a result of radiation scattered rather than absorbed by areas of 
dense clouds or rainfall, because of the strong signals returned 
from such areas. Thus it is frequently observed that aircraft sig- 
nals are completely lost when they coincide in range with strong 
cloud signals, although aircraft beyond the cloud mass are clearly 
visible, showing that serious absorption has not taken place. 

Propagation may be markedly affected by interference effects 
resulting from reflection from the earth^s surface. Suppose we 
have an isotropic radiator A (Fig. 11*4) at a height ha above a 
flat, perfectly reflecting earth, and a target S at a height ht and 
range r^. The effect of the reflecting surface is the same as though 
the reflector were removed and an image radiator placed at D with 
its radiation equal in magnitude but opposite in phase to that from 
the primary radiator. The difference in the path lengths and 
Pi + p2 causes an additional phase shift p at the target: 



*S. C. Right, Bell Laboratories Report MM-44-170-60, Oct. 1944. See 
also S. D. Robertson and A. P. King, Proc, LR,E,y 84 , 178P (1946); G. E. 
Mueller, thid., 34 , 181P (1946); L. J. Anderson, J. P. Day, C. H. Freres, and 
A. P. D. Stokes, Odd., 36, 361 (1947). 
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where Ar = pi + p 2 — r„. If Eo is the free space amplitude at the 
target, the actual amplitude E is 

E == EQy/2{l — cosjS) = 2Eo sin ~ Ar 

X 

* 

provided Ar is small enough so that any additional space attenua- 
tion in the reflected energy can be neglected. If the target is small 
enough so that it can be assumed to be illuminated by radiation of 



Fig. 11-4 Diagram illusirating the effect of a flat rofle'cting surface on the 
radiation from an isotropic radiator. The intensity at B from the radiator at 
A is the vector sum of the intensities due to transmission over the direct path 
AB and the indirect path ACB. 

constant amplitude and phase, the power density at the target is 
equal to the free space power density multiplied by the factor 

= 4 sin^ Ar^ 

Since the radar case involves two-way transmission, it is seen that 
as ha, ht, or r* varies, the power received by scattering from the 
target will oscillate between zero and sixteen times the free space 
value; therefore, according to this idealized picture, one might 
expect a maximum range as much as twice the free space value, 
obtained, of course, at the expense of regions where no echo is 
detected at all. This assumes that the pattern of radiation from 
the antenna at A is broad enough so that the intensity of the re- 
flated energy is equal to that of the direct energy, which is true 
in most cases of interest. 

Reference to Fig. 11 *4 shows that 

(pi + Ps)^ + (ht + + 4htht 
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BO that 




2ihaht 

r 


This approximation is valid to within 1 per cent for values of 
y ^ 6 less than 8®. Since for these small angles sin ^ ^ 


and 


Ar « 2haB 

4: sin^ ka^ (11-16) 


In terms of dbp (page 322) 

dbp = + 20 log F (11 • 17) 

The field intensity pattern from the radiator at A thus has max- 
ima at 

2n + 1 X 

6 — n = 0,1,2,... (1M8) 

4 ha 

and nulls at 

^ = n = 0, 1,2, ... (11. 19) 

2 ha 

for small elevation angles 6. 

The radiation pattern is broken up into lobes as shown in Fig. 
11-5, in which are plotted the contours of constant field intensity 
equal to 98 decibels below the value 1 meter in front of the an- 
tenna; that is, the contours of dbp = —98, for the case of radia- 
tion at 3000 megacycles (X = 10 centimeters) from an antenna 
50 feet above a flat perfectly reflecting earth. Several results of 
this radiation pattern may be noted: 

(а) The maximum range at which a given field intensity is 
obtained is twice the free space range. 

(б) The field intensity is low near the surface of the earth; there- 
fore a target approaching the antenna at low elevation would not 
be detected until short range. 

(c) There are more or less extensive regions of low intensity in 
the vicinity of the niill angles; therefore a target moving in at 
constant altitude would go through a succession of ^Tading’’ 
regions. 
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(d) The elevation angle of the first lobe and the angular separa- 
tion of the lobes are directly proportional to the wavelength and 
inversely proportional to the antenna height. Thus radars operat- 
ing at very high frequencies are better adapted than those at low 
frequencies to detecting low-flying aircraft, or surface targets, and 
give more solid coverage in that the fading regions are narrower. 
Conversely, such radars do not require as large antenna heights 

0.75* 

0.66* 
0 . 56 * 
0 . 47 ^ 
0 . 38 * 
0 . 28 * 
0 . 19 * 
0 . 09 * 

0 50 100 

Statute miles 

Fia. 11-5 Plot of the ranges and altitudes at which the field intensity from 
a 3000-mc radiator located 60 ft above a flat, perfectly conducting earth is 
98 db less than the intensity 1 meter from the radiator. 

to give a specified low angle coverage. This small lobe spacing 
and low angle coverage constitute the greatest advantage of micro- 
wave radar in shipboard applications. 

The flat earth approximation gives useful results under some 
conditions. However, a variety of complicating factors must be 
taken into consideration in many cases. These factors may be 
listed as follows: 

(a) The earth^s curvature introduces three complications. We 
have already discussed the simple horizon effect. A second effect 
results because rays reflected from a convex surface are more 
divergent after reflection than before. The third effect is diffrac- 
tion, as a result of which there is a finite field intensity at points 
below the horizon. 

(b) The reflection coefficient of land and water is not usually 
equal to — 1 (magnitude unity and phase angle v). It is actually a 
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function of the roughness, dielectric constant, and conductivity of 
the surface, and of wavelength, polarization, and angle of inci- 
dence of the radiation. With regard to roughness, an idea of what 
may be expected can be obtained from Rayleigh^s criterion that 
irregularities should disturb the phase by less than 7r/4 radians. 
Thus the height of irregularities in the surface should be less than 
about X/16a, where a is the angle of incidence, in radians, measured 
from the horizontal. Experience shows that ordinary land is 
sufficiently rough that microwaves undergo negligible reflection 
from it, in the region of grazing incidence, while radiation at 100 
to 200 megacycles is reflected very well if the terrain is reasonably 
smooth and cleared of trees and bushes. Thus microwave radars 
sited inland generally behave as predicted on the basis of free 
space propagation, whereas long wave radars have to be sited 
\vith great care in order for their behavior to be predictable. There 
is very little practical experience to show how interference result- 
ing from water surfaces varies with surface roughness. However, 
interference even with microwaves shows up under a wide range 
of weather conditions. The remaining factors listed above as 
affecting reflectivity are interrelated in a complicated way. So 
far as sea water is concerned, the reflection coefficient is very 
nearly — 1 at grazing angles up to several degrees for frequencies 
up to microwave frequencies for horizontal polarization, while for 
vertical polarization the magnitude and phase angle of the coeffi- 
cient both decrease quite rapidly from the initial values of 1 and 
w as the angle of incidence increases. In cases where it is desired 
to use interference patterns, horizontal polarization will always be 
employed. 

Figures 11*6 and 11*7 show the results of calculations which 
take these effects into consideration. Figure 11-6 is a plot of the 
quantity dbp — dbp^ as a function of range for an antenna height 
of 30 feet and a constant altitude of 600 feet for propagation of 
3000-megacycle radiation over sea water with both vertical and 
horizontal polarization. It is seen that the greater reflection with 
ho^zontal polarization leads to a more pronounced lobe structure; 
that the last rise above the free space value occurs somewhat in- 
side the ^ffiorizon” as defined by Equation 11*15; and that there 
is a very rapid fall just inside and beyond the horizon in the dif- 
fraction region. This fall corresponds to increasingly large nega- 
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tive powers of r in equation 11*3. Figure 11*7 shows the first 
interference maxima for 3000- and 100-megacycle radiation over 



sea water, computed for an antenna height of 500 feet, horizontal 
polarization bring used. The great superiority of the higher fre- 
quency for low angle coverage is evident. 
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Fig. 11*7 Calculated first interference maxima for the propagation of 3000-* 
me and 100-mc radiation over sea water from an antenna height of 500 ft. 
(Horizontal polarization; effective earth’s radius « 1.33 X actual radius.) 

Scattering 

The scattering of energy by targets of very simple shape can be 
calculated with sufficient accuracy for most microwave radar 
applications by the methods of geometrical optics.® Consider, for 
example, the ease of a spherical surface of perfectly reflecting 
material illuminated with parallel radiation (Fig. 11*8). The 
energy reflected from the sphere appears to come from a focus 5/2 
in back of the surface, R being the radius of the sphere. If A is 
the (circular) aperture of the receiving antenna located at a range 
r from the sphere along the line of the incident radiation, the area 
a which defines the cylinder of incident radiation which will be 
intercepted by the antenna after reflection is given by 

AR^ 

• J. F. Carlson and S. A. Goudsmit, Radiation Laboratory Report 195, 
Feb. 1943; R. C. Spencer, Radiation Laboratory Report 661, Jan. 1945. 
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was shown on page 321 that the power density at the reflector 
is PtGI^TTT^, It follows that the power received at the radar is 


PtGAR^ 

47rr^ 4r^ 


( 11 - 20 ) 


Comparison of this equation with equation 11*1 shows that for a 
reflecting spherical segment the scattering cross section is 

( 11 - 21 ) 

a quantity equal to one-fourth the area of the corresponding sphere. 
The radius of curvature is the determining quantity, and the cross 
section is independent of the wavelength (provided the spherical 



Fig. 11*8 Reflection of parallel radiation by a perfectly reflecting material. 
Only the radiation incident on a small area a will be mti'Tcepted by the receiv- 
ing antenna after reflection. 


segment is not too small). It is easily seen that the same result is 
obtained if a concave spherical surface is illuminated. 

The calculation of <r values becomes rapidly more involved for 
more complicated cases. We list here a few results,® again for 
perfectly reflecting, uniformly illuminated surfaces. 

(a) Flat surface of area S perpendicular to the radar beam (cf . 
equation 11 • 2) : ^^^2 

«r = — (11-22) 


Q>) Flat surface the normal to which makes an angle i with the 
radar beam: 


*J. F. Carlson and S. A. Coudsmit, Radiation Laboratory Report 195, 
Feb. 1943; R. C. Spencer, Radiation Laboratory Report 661, Jan. 1945. 
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(c) Cylinder of radius R and length I perpendicular to the radaj* 
beam: 


2TrRf 

c = 

X 


(11.24) 




(d) Cylinder of radius R the normal to which makes an angle 
with the radar beam: 


R\ 


(11*25) 


It is to be noted that these cross sections are all dependent on the 
wavelength. Equations 11*23 and 11*25 also show a strong 
dependence on the orientation of the reflecting surface. 

A special type of reflector, known as a corner reflector^ has re- 
ceived considerable attention because it has a scattering cross 
section comparable to the maximum cross section shown by a flat 



Fig. 11*9 A comer reflector with triangular sides. The arrows indicate an 
incident ray undergoing a triple reflection, and illustrate how the ray is finally 
reflected back in the direction of its origin. This property of comer reflectors 
results in their having large scattering cross sections with relatively w^eak 
dependence on orientation. 

surface of similar size, but showing much less dependence on 
orientation. A comer reflector (Fig. 11*9) is composed of three 
mutually perpendicular planes and has the property that radia- 
tion incident upon it is reflected in the same direction provided at 
least two of the reflecting surfaces are visible from the direction 
of the incident radiation. In such a case the radiation undergoes 
either two or three reflections before leaving the reflector. A cor- 
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ner reflector with isosceles triangular sides has a maximum scat- 
tering cross section given by ^ 


<T 


3 ?? 


(11*26) 


where I is the length of the sides, provided I is considerably larger 
than X. Thus, such a reflector having 1-foot sides has a maximum 
scattering cross section equal to 39 square feet at X = 10 centi- 
meters and 380 square feet at X = 3 centimeters. Spheres of 
diameters 3.5 feet and 22 feet respectively would be required to 
give these same scattering cross sections. 

Practical targets such as rircraft and ships are so complicated 
that it is hopeless to consider their scattering cross sectioiis from 
any viewpoint other than the empirical. Any such target will 
give a radar return made up of numerous contributions of various 
phases from reflecting surfaces within the region defined by the 
beam width and pulse length of the radar. When it is considered 
that at X = 3 centimeters a relative motion of two surfaces of less 
than 1 centimeter can change their contributions from construc- 
tive to destructive interference, it is not surprising that radar 
echoes frequently show violent fluctuations in intensity. H. Gold- 
stein and P. Bales have found by photographic recording of indi- 
vidual echo pulses that the return from a large ship, for example, 
may show rapid fluctuation at least as large as 35 decibels occur- 
ring at rates as high as 1500 decibels per second. Very interesting 
studies of the echo strength from an airplane on the ground have 
been made by Ashby, Martin, and Lawson.® A 10-centimeter 
radar with very high repetition frequency (10,000 pulses per sec- 
ond) was used, and care was taken to minimize effects from reflec- 
tions from the ground. The signal strength from the aircraft was 
automatically recorded on a polar graph as the aircraft was ro- 
tated. An extremely complex lobe pattern was obtained in this 
way, with intensity maxima at irregular intervals of the order of 
0.5°, the change between minimum and maximum being of the 
order of 15 to 20 decibels! Broadside returns averaged 10 to 16 
decibels higher than bow or stem returns. 

^ R. C. Spencer, Radiation Laboratory Report 433, March 1944. 

® R. M. Ashby, F. W. Martin, and J. L. Lawson, Radiation Laboratory 
Report 914, March 1946. 
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The above considerations indicate that it is difficult to measure 
accurately the scattering cross sections of practical targets. Other 
factors, such as psychological factors involved in observations of 
signals on cathode ray tube indicators,® contribute further to this 
difficulty. Values in excess of 10® square meters have been esti- 
mated for large ships. 

n-3 DESCRIPTION OF SOME RADAR SETS 

By way of illustration of the above general account of radar we in- 
clude short accounts of five sets together with the general reasons for 
the choice of the various design features. All but one of these sets are 
or have been in production. The exception is the experimental “Cindy ' ' 
set, which is ideal for the important purpose of ship navigation. 

Air Navigation 

One of the important needs during the war was for an airborne 
radar to navigate strategic bombers through clouds and at night, 
and in case of necessity to enable them to attempt to hit a target 
without visual aids. Such a radar is the “H 2 X^^ or AN/APS-15.^® 
A lightweight version of this radar came into production at the end 
of the war and contains many design features of interest. This is the 
AN/APS-10. The design characteristics for this set are as follows 

Wavelength 3 cm 

Output power 8 kw at 800 pulses per second 

Pulse length 0.8 jusec 

Antenna size 18-in. paraboloid, modified to 

give a cosecant squared beam 
Antenna gain 700 

Receiver sensitivity and 15 db below kT Af;Af = 6 me 
bandwidth 

Type of indicator PPI 

Weight 100 lb 

Power consumption 350 watts 

Rate of scan 15 rpm 

• L. B. Linford, D. Williams, V. Josephson, and W. Woodcock Radiation 

Laboratory Report 353, Nov. 1942. 

J. V. Holdam, S. McGrath, and A. D. Cole, Eketraniest p. 138, May 1946; 
p. 142, June 1946. 

^ J. V. Holdam, S. McGrath, and A. P. Cole* Elecironica, p. 132, Feb. 1947. 
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This radar is the lightest microwave airborne radar which has 
been made. It embodies a low power magnetron which delivers 
less power than most production microwave magnetrons. This is 
no disadvantage because the function of the set is purely for 
navigation, and the only targets ever scanned are large land 
objects or shipping (which has a large scattering cross section). 
This fact reduces the need for high power and makes possible the 
construction of a set which is far lighter than sets which have to 
detect aircraft or submarines as part of their functions. The de- 
sign of the set has the reduction of weight as the prime objective. 
Second to this is reliability of performance without tuning in the 
air. This last factor is the reason for the unusually large band- 
width which is not called for by a pulse width of approximately 
1 microsecond. 

Of importance nearly equal to the radar picture is the ability 
to pick up beacons (page 353) which give recognizable landmarks. 
The set includes a beacon receiver which is tuned by automatic 
frequency control. 

Ship Navigation 

Ship navigation is a very well-established art. Nevertheless it 
is an art into which radar fits perfectly. Microwave ship radar 
was in production before Pearl Harbor in spite of the fact that the 
first microwave radar employing a single antenna was not working 
before March 1941. There is essentially only one hard problem 
connected with radar for ship navigation, namely the roll, pitch, 
and yaw of the ship, which necessitates a special design of antenna. 
Ideally one should have a stabilized antenna for this purpose, and 
such antennas have been made in quantity. However, for some 
applications a far simpler solution is to design the “dish^' to give a 
beam which is fanned out by 10 degrees or so, and which accord- 
ingly gives adequate illumination of the surface of the sea even 
when the roll and pitch are considerable. As the refinements in 
ship radar become of more importance other problems arise. 
These are notably problems of discrimination, the most important 
being that of minimum range, which for putting a ship into a dock 
in thick fog should be a matter of feet. This can be done, but the 
use of very narrow pulses and wide bandwidths requires that the 
power consumption of such a radar be considerable. 
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The use of narrow pulses and narrow beams makes a ship radar 
a very satisfying instrument. The detailed outline of a harbor 
can be seen, including the individual piers, and it is even possible 
to estimate the size and heading of other vessels within a range of 
a mile or two. Two PPI pictures taken with such a radar are 
shown in Fig. 11*10. 

One factor of great importance in ship radar design is the max- 
imum range, which depends on the height of the antenna and the 
wavelength of the radar. Both control the degree of illumination 
on the water at any range; the shorter the wavelength the better. 
Somewhere between 1.3 and 3 centimeters is optimum, the lower 
value being set at the point at which water vapor absorption be- 
comes serious. 

An experimental set built at the Kadiation Laboratory and 
named “Cindy^^ is as good for illustrative purposes as any. The 
design characteristics are 

Wavelength 1.25 cm (should be slightly longer to 

avoid water absorption) 

Output power 30 kw 

Pulse length /usee 

Antenna size 54 in. by 4 in. (effective), 15 in. 

(actual) 

Receiver sensitivity 15 db down, 10 me bandwidth 
Type of indicator 5 in. PPI 

Weight 550 lb 

Power consumption 750 watts 

Rate of scan 6 rpm 

Such a radar could readily be engineered into a reliable set which 
would need little maintenance. It would not be difficult to incor- 
porate a warning device which would ring a bell when some object 
was picked up within, say, a mile. Such a device would mate- 
rially reduce the cost of operation of commercial shipping. The 
radar installation (not of the type of ‘‘Cindy”) on the Queen 
Elizabeth saved twice its cost on early trips simply by allowing 
the ship to proceed at full speed in foggy weather. There is no 
excuse for collision if one of the vessels has an operating radar, and 
within a few years it will be proper to say that there is no excuse > 
for an ocean-going vessel not to be equipped with radar. Several 
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installations of radars ^ operating at wavelengths of about 3 cen- 
timeters have proved very useful in operations on inland water- 
ways. For example, it has been demonstrated that a tug handling 
railway barges in New York harbor can continue normal operations 
under fog conditions which ordinarily bring shipping to a practical 
standstill. 


Air Traffic Surveillance and Control 


This very considerable problem requires a radar of good resolu- 
tion and high performance. The first satisfactory design of such 
a radar was the MEW (Microwave Early Warning). The official 
title for this set is the AN/CPS-1. 

The design characteristics are 


Wavelength 
Output power 
Pulse length 
Antenna size 

Antenna gain 


Receiver sensitivity 
and bandwidth 
Type of indicator 

Weight 

Power consumption 
Rate of scan 


10.3—10.8 cm 

900 kw at 320 pps 

1 psec 

Lower beam, 25 ft by 8 ft; upper 
beam, 25 ft by 5 ft 

Lower beam 10,000; upper beam 
about 3500, with cosecant squared 
beam shaping 

12 db down, at 2 me bandwidth 

Multiple; off-center PPI for control; 
B-scope for reporting. 

Up to 50 tons depending on com- 
plexity of installation 

25 kw 

Up to 4 rpm 


The appearance of the off-center PPI is shown in Fig. ll-ll; 
this picture was taken during a hurricane in Florida. 

One very important requirement for a set of the MEW type is 
the ability to keep the track of an aircraft once it has been located. 
This means that the radar has to have an effective range of 170 
miles or so in order to give solid response within 100 miles. In 
addition it is necessary to be able to observe both low and high 
aircraft. This is achieved by two beams. The coverage given^by 
the two beams is shown in Fig. 11*12. It can be seen that for a 

^Railway Aye, 128, No. 21 (1947); B. B. Talley, EUdiromce, 80, No. 10, 
118 (1947). 
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Fig. 11 'll A photograph of the off-oenter PPI of an MEW radar, taken 
during a hurricane in Florida. The strong return from the storm clouds and/or 
rain clearly shows the circular nature of the storm and allows the center of 
Iho storm to be accurately located. 



O' 2S 50 75 100 125 150 175 200 

Range In miles 

Fio. 11*12 Coverage diagram of the MEW on its two beams for various 

types of aircraft. 

347 




large enough aircraft there is no gap in the coverage, but that for 
HTTna.ll aircraft there is a gap. Still higher power and better receiver 



Fio. 11*13 A photograph showing the superposition of 30 azimuth sweeps 
on the PPI of an MEW radar located at Tarpon Springs, Florida. The rings 
are lO-mile range marks. The 30-fold exposure of fixed echoes renders them 
greatly overexposed, hence the Florida coastline is not clear. The tracks of 
aircraft, however, can be clearly seen. The sweep rate is 2 rpm, so that the 
speed of aircraft can be readily estimated. Track A, for instance, covers 
10 miles in 6 sweeps and is at 200 mph. The concentrated flying 37 miles 
south of the radar is activity near an airfield. The large white echoes are 
local rainstorms, which are very common in Florida in the summer. This 
picture, taken by members of the MEW group from the M. 1. T. Radiation 
Laboratory, showed for the first time that reasonably gap-free coverage could 
be obtained by a ground-based radar. 

sensitivity are needed. The last remark shows the great impor- 
tance of high set performance. The output power, 900 kilowatts, 
represents the limit of the HK-7 magnetron. The HP-10 should 
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enable this figure to be substantially increased. The receiver 
sensitivity is capable of some improvement. 

A second requirement is the ability to assimilate and use the 
very great amoimt of information provided by the radar. To do 
this, a scheme by which a vertical plotting board is kept filled with 
tracks by plotters receiving information from five B-scopes was 
devised. In addition, for control purposes, a number of off-center 
PPI^s were used. The controllers sat at their scopes, with the 
general situation visible on the vertical plotting board, and took 
detailed control of any aircraft as requested by the chief con- 
troller. The tracks of aircraft can clearly be seen in Fig. 
11 ‘13 which is the superposition of 30 rotations of the MEW 
antenna. 

These two simple requirements dominate the design of the set. 
It is massive, but that cannot be helped if it is to give continuous 
tracks and be capable of controlling twenty or more separate 
flights. Its cost is below $100,000 and it can serve a radius of 
80 miles. Five sets Oii the Atlantic Coast would enable aircraft 
to be controlled all the way from Boston to Washington. There 
is no doubt that it could be made lighter, yet there is the question 
whether this is worth doing since the set goes in as a permanent 
installation. 

The MEW needs careful siting since it readily ‘‘sees^' the ground, 
including large objects like water towers. It should be placed in 
rather flat country where the ground horizon is not too far away. 
The aircraft can then be seen over the ground horizon, while the 
ground clutter is limited. 

Lightweight Height Finder and Bad Terrain Radar 

The MEW as just described is excellent for giving the plan 
location of aircraft but it cannot give height figures. One way of 
measuring height is to use an antenna with a beam narrow in the 
vertical direction which is scanned in elevation at a fairly rapid 
rate. This is done in the ^‘Little Abner^' radar, which has an 
elliptical paraboloid which can be swung up and down through 
20 degrees. The echo is shown on a Range Height Indicator 
(page 209). While performing the purpose of height finding the 
set can also be used to search for aircraft in regions where heavy 
echoes from large blocks of ground clutter up the screen of the 
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Fig. 11*14 Photograph of the Range Height Indicator of a ‘kittle Abner’* 
radar, showing storm clouds near Iwo Jima extending to an altitude of nearly 

28,000 ft. 


search set. An aircraft echo is seen to be separated from the land 
clutter on the RHI and so is detected. 

The design characteristics are: 

Wavelength 3.2 cm 

Output power 80 kw at 800 pps 

Pulse length 1 fxsec 

Antenna size 10 ft by 3 ft cut paraboloid, horn fed 

Antenna gain 18,000 

Receiver sensitivity 14 db down at 2 me bandwidth 

Type of indicator RHI 

Modulator Hydrogen thyratron 

Weight 2600 lb 

Power consumption 3 kw 

Rate of scan Up to 2 per sec (in elevation) 
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The appearance on the RHI of some storm clouds near Iwo Jima 
is shown in Fig. 11 • 14. The set has a range of about 50 miles on 
a four-motored plane. The narrow beam width of 0.4® enables 
quite accurate height measurement. Relative heights can be 
determined with an error of about 300 feet at 30 miles. Absolute 
heights cannot be given with this accuracy as atmospheric refrac- 
tion can give angular imcertainties up to half a degree. 

Such a set is so simple in principle that all the design effort 
goes into obtaining range performance on the one hand and ensur- 
ing light weight and ruggedness on the other. The use of a slatted 
antenna is of interest. If the antenna is made with rods or slats 
parallel to the plane of polarization and closer together than the 
allowable waveguide width, the radiation will not penetrate be- 
tween the slats and is reflected very nearly as perfectly as from a 
sheet of metal. This helps in lessening weight and in reducing 
wind resistance. 

Radar for Guiding Approach to an Airfield 

The problems so far described are relatively simple and un- 
specialized. The problem of bringing an airplane in close enough 
to an airfield in bad weather to enable it to find the runway is 
much more demanding. The problem of actual landing is harder 
still. A radar which comes close to being able to control planes 
to an actual landing, without requiring any special equipment in 
the aircraft, is the GCA (Ground Control of Approach). In order 
to do this, three separate radar antennas are necessary. One of 
these fans rapidly up and down and provides an accurate picture 
of the range and height of the plane. A second has a beam which 
fans back and forth across the runway to give range and azimuth. 
When the aircraft is within the scan of these two precision radars 
its course can be accurately plotted and instructions given to the 
pilot by radio regarding the correct approach. 

This simple method of plotting runs into technical difficulties 
which have forced the actual set to be somewhat complex. In the 
first place it is necessary to have a nearly continuous record of 
the position of the aircraft. This means that the scanning has to 
be done by the precision radars several times a second. In order 
to avoid serious scanning loss a rapid scan covering a narrow range 
of angles, supplemented by a servo antenna control, is used. In 
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this way the operators can slowly move the precision antennas to 
keep the airplane in the beams. 

In addition it is found essential to have a radar for general 
guidance with much less precision but with greater range and 
with a 360® search scan. This radar is simple in design except for 
the antenna which produces a strongly fanned beam to give a 
coverage up to 4000 feet as close as 4 miles and as far as 30 
miles. 

The GCA set as used in the war had a rather formidable comple- 
ment of circuits. It employed four special precision indicators and 
one ordinary PPI. The precision indicators displayed maximum 
ranges of 10 miles and 2 miles respectively for the azimuth and 
elevation radars. The correct line of approach is marked on each 
of these tubes, and an operator controls a marker which is set 
mechanically to bisect the aircraft echo on the tube in range and 
angle. This mechanical tracking is used to feed voltage data to 
an error indicator which is in front of the controller, who sees in 
the simplest possible way any faults of piloting and at once radios 
instructions to the pilot to correct them. The two scope operators 
have foot pedals with which they can ^^servo'^ their antennas to 
keep the aircraft fully illuminated by the radar beam. 

Technically the most interesting feature of the set is the rapid 
scan process. This is of the delta-A type already described briefly 
in Chapter 4. The antennas are cylindrical paraboloids fed by 
dipole arrays in waveguide. The guide wavelength is varied by 
varying the width of the guide by means of a cam, which is linked 
mechanically to a variable condenser which in turn transmits the 
angle information to the rapid scan indicators. 

The design characteristics are as follows. 


Wavelength 
Output power 
Pulse length 
Antenna size 
Antenna feed 

Receiver sensitivity 
Modulator 
lype of indicator 
Bate of scan 


Search Radar 
10.7 cm 

40 kw at 2000 pps 
1 Msec 
8 ft by 3 ft 

Series of dipoles to give cosecant 
squared beam 

15 db down at 2 me bandwidth 
Hard tube 
PPI 
20 rpm 
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Wavelength 
Output power 
Pulse length 
Beam widths 

Receiver sensitivity 
and bandwidth 
Type of indicator 
Modulator 
Rate of scan 


Precision Radar 
3 cm 

15 kw at 2000 pps 
0.5 Msec 

Azimuth 0.6° by 1.5°; elevation 3° 
by 0.4° 

16 db down at 2 me 

RHI type, two for each antenna 
Hard tube 

Azimuth 20° at 3 per sec; elevation 
7° at 6 per sec 


This set has had an excellent record, having saved many lives. 
Some dijSiculty was met in imparting to pilots the same faith in 
the laws of physics as the designers had, and for some time after 
its installation the GCA had to contend with the instinctive dis- 
trust of pilots for the ideas of anyone else. This has meant that 
in many cases its first use has been in very difficult approaches 
when the pilot has been very scared indeed. That it has succeeded 
so well under these conditions is a striking tribute to its per- 
formance. 

The GCA should have great peacetime use. In spite of its 
elaboration, it is a safety device without equal for aircraft which 
cannot be specially equipped with landing indicators. With faith 
in its method of operation and practice in its use before an emer- 
gency requires it, a pilot can bring an aircraft in to a landing 
under GCA control so that vision is needed only for touching down. 
This covers the vast majority of cases. Where the landing condi- 
tions are hopelessly bad, the aircraft should be taken under control 
by a radar of the MEW type and sent elsewhere. The two sets 
together could well make air navigation and landing essentially 
safe in all but the worst weather. 


n -4 RADAR BEACONS “ 

A radar beacon, or ^*racon,'' is a transmitter which is triggered 
by signals received from a radar. If the r-f pulse transmitted by 
a distant radar falls within the pass band of the receiver of the 
w R. D. Huhgren and L. B. Hallman, Proc. LR,E., 35 , 716 (1947). 
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beacon, is of sufficient amplitude, and meets (in some cases) 
definite specifications with regard to pulse width or some other 
type of coding, the beacon receiver changes the r-f pulse to a video 
pulse which triggers the beacon transmitter. The transmitter 
then radiates either a single t 4 pulse, or a coded set of pulses, 
which will be received by the radar if the beacon transmitter is 
tuned to the radar receiver frequency 
One of the most important points about beacons is that both 
the signals from the ^'interrogating^' radar and the reply from the 
beacon undergo only inverse square law attenuation (under con- 
ditions of free space propagation), as compared with the inverse 
fourth power attenuation which applies to radars. Furthermore, 
the power radiated by a beacon is in general much larger than that 
scattered by a radar target. It therefore follows that beacon sig- 
nals can be detected by radars to considerably greater ranges than 
ordinary targets. This is true in spite of the facts that beacon 
receivers are usually considerably less sensitive than radar re- 
ceivers, and that beacon antennas are in general non-directive in 
azimuth and only slightly so in elevation, so that they have rela- 
tively small gains. 


Applications of Radar Beacons 

Beacons were originally developed as aids to air navigation. 
For this purpose, ground-based beacons with relatively high trans- 
mitter power (up to 15 kilowatts) are located at appropriate 
points. The beacons are interrogated by radars in aircraft, the 
beacon replies being coded so that recognition of the individual 
beacons is possible. The coding is usually accomplished by means 
of a set of three or more pulses with characteristic time (or "range") 
spacing. 

In some cases, the radar is equipped with a special receiver tuned to the 
beacon transmitter frequency, wWch may then he different from the radar 
frequency. This arrangement has several advantages which make the added 
elaboration worth while in certain applications. A ground-based radar can 
receive beacon signals from aircraft without interference from ground clutter. 
Beacon transmitters can be set to a specified frequency, and their signals can 
then be received by radars equipped with special beacon receivers regardless 
of changes in radar frequencies necessitated by changes of magnetrons or 
other causes, provided, of course, the beacon receivers have sufficiently wide 
pass bands to accommodate the radar interrogating signals. 
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The control of the flight of an airplane by means of an observer 
stationed at a ground- or ship-based radar and communicating by 
radio with the pilot is greatly facilitated if the airplane is equipped 
with a beacon. Not only is the maximum range at which the air- 
craft can be solidly detected much increased, but also the use of a 
coded reply makes identification of the aircraft under control 
much more certain. Furthermore, as mentioned earlier, if the 
beacon reply frequency differs from the radar frequency and is 
received by the radar on a separate receiver, there is no difficulty 
in controlling the aircraft in regions of heavy ground or sea clut- 
ter. Beacon-aided control of aircraft was much used in the war for 
such purposes as air reconnaisance and air support of troop opera- 
tions, MEW and 584 radars serving as the control radars. Fig- 
ure 6 ‘6 illustrates the appearance of a coded beacon reply on a 
PPI when either the beacon frequency is the same as the radar 
frequency, or the video signals from a separate off-frequency beacon 
receiver at the radar are mixed before display with the radar video 
signals. 

Lightweight beacons have been developed which are useful in 
temporarily marking certain locations. Such a beacon can be 
dropped by parachute from an airplane to aid in guiding other 
planes to the same point, as in paratroop operations. A beacon 
installed at an accurately known position relative to a nearby 
enemy installation can be used in radar control of gunfire. It is 
evident that such marker beacons can find peacetime applications 
in radar-aided mapping and surveying. 

Racons proved to be very useful in certain types of bombing 
operations. For example, the so-called ‘‘oboe^' system, which was 
employed with great success in the strategic bombing of the Ruhr 
district, employed two ground-based interrogating radars and a 
beacon-equipped aircraft, which could serve as the pathfinder for 
several bombers. One of the radars, the *‘cat^' station, held the 
plane, by means of radioed instructions, on a circular course which 
would carry it over the bomb-release point. The second (‘‘mouse’O 
station was located at some distance from the cat station, and gave 
the bomb-release time to the plane when the latter was at the 
proper distance from the station. The importance of this system 
was that the precision of the operation depended, so far as the 
radars were concerned, only on their range accuracies, so that no 
high degree of directionality in the radars was required. 
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IFF 


In many military operations it is of the greatest importance to 
be able to distinguish friendly aircraft and ships from enemy ones. 
The IFF (Information Friend or Foe) equipment used for this 
purpose resembles in some respects radar and beacon equipment, 
and is therefore briefly mentioned here. Because of the wide 
diversity of radar frequencies employed, ranging from 100 to 
10,000 megacycles, it was obviously impossible to accomplish 
universal identification by means of racons. IFF gear, operating 
at a few hundred megacycles, was composed of an '^nterrogator- 
responsor^' located at a radar, and a ^^transpondor’^ located at the 
target to be identified. The former unit served to trigger the 
latter in the same way a radar triggers a beacon, and to detect 
the coded response transmitted by the transponder. The de- 
tected IFF signals were mixed with the radar signals and displayed 
on the radar indicators. The IFF signals served only as aids to 
identification, since the range and angle selectivities of the radar 
were in general much greater than those of the IFF equipment. 

Loran 

Loran (Long Range iVavigation) is a system of navigation, 
which, although it bears little resemblance to radar, is of such 
great importance that mention should be made of it here. The 
unit of Loran operation is a pair of stations located several hun- 
dred miles apart and transmitting pulsed signals. The pulses 
from the so-called slave station are synchronized with the pulses 
from the master station. A navigator measures the time differ- 
ence between pulses received from the two stations, and thus 
determines the difference between the distances to the stations. 
The locus of points having a constant value for this difference is 
a hyperbola. A similar determination using the pulses transmitted 
by a second pair of Loran transmitters gives a second hyperbola, 
the intersection of which with the first one defines the navigator’s 
position. The various pairs of stations are distinguished by 
slightly different pulse repetition frequencies, in the neighborhood 
of 25 pulses per second. The navigator adjusts the sweep fre- 

^ B. W. Bitterly, Badiation Laboratory Report 499, May 1944; J. A Herce, 
Proc. LR.E„ 84, 216 (1946). 
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quency of his indicator to cause the pulses from the desired pair 
of stations to form a stationary pattern on the indicator. 

Loran transmitters operate on a frequency of approximately 
2 megacycles and radiate a peak power of the order of 100 kilo- 
watts. Loran signals are propagated by both ground waves and 
sky waves (reflections from the ionosphere), and, under certain 
restrictions, signals propagated in either way are useful. Stand- 
ard Loran, depending on ground waves, gives the greater accuracy 
(better than a mile) but can be used only to ranges of several 
hundred miles. SS (Sky Wave Synchronized) Loran, which em- 
ploys signals propagated by sky waves, can be used at distances 
up to 1500 miles; it is generally useful only at night and is unre- 
liable at ranges less than about 300 miles from a Loran station. 

Loran is mainly of use for maritime navigation by both aircraft 
and ships. It will undoubtedly establish for itself an important 
permanent position in the science of navigation. 


n-5 PRECISE ANGLE DETERMINATION; AUTOMATIC TRACKING 

The problem of making highly precise range measurements by 
means of radar presents no special difficulties. The use of very 
short pulses and precision, crystal-controlled ranging circuits has 
given accuracies of the order of 20 yards. An analogous approach 
to precise angle measurements, which consists in forming an ex- 
tremely narrow radar beam and making an accurate measurement 
of antenna position when the radar is ‘‘on target,^^ is not practicable 
because of the unwieldy dimensions of an antenna giving a suffi- 
ciently narrow beam, and, of greater importance, the practical 
impossibility of finding the desired target with a very narrow beam. 
Experience has shown that there is some difficulty in picking up an 
aircraft target with a beam of circular cross section even when the 
beam width is as much as 4®. In fact, radars having azimuth reso- 
lution down to 1® or less have been successful only because they 
have employed fan-shaped beams which essentially require scan- 
ning in only one angular dimension instead of two. 

A much more powerful method of gaining angular accuracy 
depends on echo strength comparisons. As a simple illustration, 
we may consider a radar with an antenna pattern which is fanned 
out in elevation and a few degrees wide in azimuth. The antenna 
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can be equipped with two feeds which give slightly different beam 
directions relative to a horizonal line perpendicular to the antenna, 
and an r-f switch can be arranged to send alternate transmitter 
pulses to the two feeds. If a target is located so that it is better 
illuminated by one beam than by the other, alternate received 
echoes will be larger. An A-scope presentation can then be em- 
ployed to adjust the antenna position until all the received pulses 
are of equal amplitude. In this way angles can be measured to 
considerably less than the beam width. It is, of course, necessary 
that the two beams overlap so that the target can be detected in 
each simultaneously. The angle of beam separation is usually 
about equal to the beam half-power width (for two-way trans- 
mission), so that ^‘crossover” occurs at an echo amplitude of about 
seven-tenths maximum. 

A much more refined method of echo strength comparison is 
employed in some precision radars. For example, the SCR-584,^® 
which operates at a wavelength of about 10 centimeters, has an 
antenna consisting of a parabolic reflector illuminated by a rotating 
off-centered dipole feed. Rotation of the feed causes the beam, 
which is roughly 3° mde (two-way transmission), to describe a 
cone. As a result of this conical scanning, the signals returned 
from a target which is off the axis of the paraboloid will be more or 
less amplitude-modulated at the frequency of rotation of the 
feed, in this case about 30 cycles. If crossover occurs at about 
one-half maximum power, the echo from a target one-half degree 
off the paraboloid axis will vary between the approximate limits 
0.2 to 0.9 of the amplitude which would be observed with a sta- 
tionary beam trained on the target. The 30-cycle modulation can 
be detected, and the antenna pointed to remove it. In order to 
supply information as to which direction the antenna should be 
turned to remove the modulation, the phase of the modulation 
signal is compared with the phase of a 30-cycle reference signal 
from a generator rotating at the same speed as the antenna feed. 
One can see that a not too formidable elaboration of equipment is 
involved in supplying the modulation error signal, after suitable 
phase comparisons, to azimuth and elevation servomechanisms to 
cause the antenna to position itself automatically to remove the 
echo modulation. This automatic following is actually accorn^ 
plished, with a precision of something like 0.05^, in the 584. The 

^Blectrmies, IS, 104, Nov. 1945; 18, 104, Deo. 1045; 19, 110, Feb. 1946. 
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angle data thus derived can be fed to a computer for training an 
anti-aircraft gun, or can be used directly for training a search- 
light, or supplied along with range data, to an automatic plotting 
board for accurately recording the flight of an airplane. Inci- 
dentally, a later modification of the 584 includes circuits for accom- 
plishing automatic range measurements, so that once a target is 
brought within the pull-in region of the radar, continuous and 
accurate range, azimuth and elevation data are fed to gun com- 
puters or other devices, without any operator attention! It is 
truly impressive to see such a radar in operation. 


11-6 MOVING TARGET INDICATION 

A very serious problem of radar is the elimination of the strong 
echoes from ground objects without removal of the rather weak 
echoes from aircraft. A method for doing this was worked out by 
Grayson in England, and McConnell and Emslie at the Radiation 
Laboratory. The principle is simple; the practical application is 
difficult. 

The process involves the fact that the aircraft is moving and the 
ground is not. It would seem that this could easily be applied as 
follows. The series of ground echoes in one repetition interval 
could be stored in some way and then reversed in sign and used to 
cancel the echoes in the next interval. Only the aircraft echo 
which is changed in location would not be wiped out. This simple 
idea does in fact form part of the process of moving-target indica- 
tion. However, the time allowed for motion is very short, and the 
pulse length ordinarily allows only a discrimination of the order of 
a hundred yards or so. The aircraft does not move a hundred 
yards in a thousandth of a second. In consequence the aircraft 
echo is essentially at rest and so is also cancelled. 

This difficulty is overcome by using transmitted pulses the phase 
of which is known with respect to a steady c-w oscillator. The 
echo from ground or aircraft can be made to “interfere^^ with this 
steady oscillator and, as a result of the phase relationship between 
echo and oscillator, will give maxima or minima. The phase rela- 
tionship is determined by the distance of travel of the radio waves 
and is fixed for ground objects. On the other hand it is changing 
for a moving object like an aircraft, so that the pulsed part of the 
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resultant of the echo and the steady oscillation fluctuates very 
rapidly. If now we apply the process of storage, reversal, and 
cancellation to the video signals derived from this resultant, the 
fixed objects are cancelled, and moving objects are not, in general, 
cancelled. This means that there is an almost complete removal 
of ground echoes while aircraft echoes are only removed in the ex- 
tremely unlikely event that the aircraft travels at a speed such 
that the phase relationships give a constant mixed echo. 

The method of storing the echoes in one repetition interval 
involves the use of some physical process which travels much 
more slowly than light and yet quite fast. The sweep of an 
electron beam across a tube is one such process, and this has been 
tried. Another is the travel of sound in water or some liquid which 
is not too temperature-sensitive. In this method, the video re- 
sulting from the echoes and the c-w oscillator, known as “coherent 
video, is used to modulate a 10- or 15-megacycle carrier, which 
then drives a crystal and generates supersonic waves in a column 
of liquid of precisely the right length to produce a delay of one 
repetition interval. After detection, the delayed video is reversed 
in sign and mixed with undelayed video, with the result that 
cancellation occurs for all but aircraft and moving objects. 

REFERENCE 

A compact summary of the microwave radar art is given by £. G. Schneider, 
Proc. 84 , 528 (1946). 
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CHAPTER 


1 2 


MICROWAVE 

COMMUNICATIONS 


The rapid development of microwave techniques during the 
war has opened up a whole new region of the electromagnetic 
spectrum to exploitation for purposes of communications. The 
important properties of microwaves and microwave equipment 
make it certain that we can expect widespread developments in 
this direction in the next few years, developments which will un- 
doubtedly produce some startling applications. The most obvious 
advantages offered by microwaves are bandwidths of hundreds or 
even thousands of megacycles, highly directional antennas, and 
the wide frequency regions available. Large bandwidths bring the 
possibility of transmitting information at a very high rate over a 
single radio link. Thus, a very large number of channels of speech 
or music, which may be classed as narrow band intelligence, may 
be handled simultaneously by a pair of communicating stations, 
or one channel (or possibly a few channels) of broadband intelli- 
gence such as that involved in color television. Narrow radio 
beams result in lowered power requirements, improved secrecy of 
transmission when this is desired, and decreased interference from 
other transmitters. With a very wide frequency region available 
it will be possible materially to relieve the congestion of the 
*‘ether'^ in spite of adding many new channels. These considera- 
tions lead to the expectation that the most important industrial 
application of microwaves will lie in the communications field. 

The development of microwave communications is at present 
receiving intensive industrial attention, but under conditions which 
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make it impossible for the present authors to claim any familiarity 
with the rapidly changing state of the development. Our discus- 
sion in this chapter will therefore necessarily be limited to pointing 
out some of the general possibilities and limitations as indicated 
by the basic physics of the subject, and to a brief description of 
some of the wartime applications of microwave communications. 


12*1 PROPAGATION 

The limitations imposed by propagation in the communications 
application of microwaves are quite different from those in the 
radar application, discussed in Chapter 11, chiefly because of two 
factors. In the first place, communications systems involve only 
one-way transmission; therefore the inverse fourth power de- 
pendence of signal strength on distance which applies to radar 
becomes an inverse square law. This considerable advantage in 
favor of the communications case is counterbalanced by a second 
factor, that of reliability of reception. Radar echoes only slightly 
larger than receiver noise are perfectly usable, whereas signals 
conveying audio or picture information must in general be much 
larger than noise, particularly in the entertainment field. Further- 
more, in the radar case, especially with long wave radars, it is 
expected that under some circumstances a given radar signal will 
“fade'' to disappearance at more or less frequent intervals; such 
fading cannot be tolerated in many communications applications. 
In order to be certain to receive a fully usable signal even during 
periods of severe fading it is necessary to design a communications 
link so that the received signal is of the order of 60 decibels above 
noise under normal conditions. 

The limitation of high frequency propagation to line-of-sight 
paths requires the use of high antennas to achieve useful ranges. 
According to equation 11-16, if the transmitting and receiving 
antenna heights are equal, in order to have a line-of-sight path of 
r miles over a smooth spherical earth the antenna heights necessary 
are ^ 

( 12 - 1 ) 

Experience has shown that the line-of-sight requirement is not 
sufficiently conservative for reliaUe communications links. Han- 
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sell ^ points out that interference effects may be troublesome, but 
that these can be avoided, in the case of a perfectly reflecting 
spherical earth, by choosing antenna heights so that the path for 
the reflected beam is no less than a sixth of a wavelength longer 
than the path for the direct beam. If a path phase shift of 60® is 
subtracted from the reflection phase shift of 180®, the resultant of 
the direct and reflected beams will have the same intensity as the 
direct beam alone. If the antenna heights are further increased 
the intensity of the resultant will exceed this value over a wide 
range of heights. Table 12 • 1 gives approximate antenna heights 
required to satisfy the simple line-of-sight criterion and HanselFs 
criterion for various distances at 500 and 8000 megacycles. 

Table 12-1 Antenna Heights fob Line-of-Sight and H ansbli 'e* Ceitebi a 


Frequency 

(megacycles) 

Transmission 

Distance 

(miles) 

Antenna Heights 

Lin(‘-ofHsight, 
ht (feet) 

According 
to Ilansell's 
criterion, 
Hi (feet) 

500 

10 

13 

110 

500 

25 

80 

230 

500 

50 

330 

550 

8000 

10 

13 

30 

8000 

25 

80 

120 

8000 

50 

330 

390 


Even though there is very little reflection from ordinary land 
surfaces at frequencies above about 2000 megScycles, for angles 
near grazing incidence, it has been found empirically ^ th micro- 
wave transmission becomes much more subject to severe fading 
when there is an obstruction in the path causing grazing or almost 
grazing incidence. Durkee^ suggests that over rough terrain a 

1 C. W* Hansell, Proc. 83 , 156 (1945); L. E. Thompson, thid., 34 , 

936 (1946). 

*A. L. Durkee, Bell Telephone Laboratories Report MM-44-160-190, 
Aug. 1944. 
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practical criterion for essentially free space propagation is that 
the first Fresnel zone of the beam should be clear of all obstruc- 
tions. The first Fresnel zone at a distance r from a source of 
radiation is the circular area on a plane perpendicular to the line 
of propagation boimded by the intersection of the plane with a 
sphere of radius r + (X/2) with its center at the source. It is 



Fig. 12-1 A hypothetical transmission profile. A clear line-of-sight path 
is available; according to Durkee’s criterion the path should be fully satis- 
factory at 3 cm but not at 10 cm. 


evident, from the fact that one can interchange transmitter and 
receiver without affecting the propagation in any way, that r 
should be taken al the shorter of the two distances from the ob- 
struction to the ends of the transmission path. It is easily shown 
that the diameter d, in feet, of the first Fresnel zone at a distance 
r miles is given by d 26V^, X being expressed in centimeters. 
Since in all practical oases this radius is small compared to the 
beam width, no consideration has to be given to the shape of the 
beam. Figure 12*1 shows a schematic transmission profile for 
two stations mounted on the tops of small hills about 40 miles 
apart. It is seen that this path should be satisfactory for X « 3 
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centimeters but unsatisfactory or marginal at X = 10 centimeters, 
according to Durkee’s criterion. 

The formation of trapping layers (page 331) and other atmos- 
pheric conditions which affect refraction at radiofrequencies may 
well lead to very severe fading at some times of the year and in 
certain regions of the earth. The interesting observations reported 
by Durkee ^ indicate that, at least in the northeastern part of the 
United States, such effects are apt to be somewhat less serious at 
microwave frequencies if path lengths do not exceed about 30 miles. 

Severe fading can result from interference effects in transmis- 
sions between an aircraft and a station at the earth^s surface, 
particularly over water. This difficulty can be alleviated in the 
case of transmission from au aircraft to a ship by the use of a so- 
called diversity receiver, * since the interference lobes at the receiv- 
ing end are in this case closely spaced. A diversity receiver con- 
sists, in one form, of several receivers fed by antennas mounted 
vertically one above the other; the receiver outputs are mixed and, 
to avoid unduly high receiver noise, an automatic gain control is em- 
ployed which controls the gain of all the receivers but is itself only 
controlled by the receiver which is receiving the strongest signal. 

Absorption of very high frequency radiation by the atmosphere 
was discussed in Chapter 11. This discussion applies equally well 
in the present connection. It appears that absorption effects may 
become important at frequencies much above 10,000 megacycles, 
but that at frequencies lower than this trouble should arise only 
in periods of rainfall of cloudburst proportions. 

12-2 POWER REQUIREMENTS 

Very high frequencies have an important advantage where 
point-to-point communication is involved in that a large fraction 
of the power required at lower frequencies can be replaced by 
considerably less expensive antenna gain. A limitation on usable 
antenna gain is imposed by the difficulties in properly lining up 
two antennas having very narrow beams and maintaining that 
alignment in heavy weather. 

*A. L. Durkee, Bell Telephone Laboratories Report MM-44-160-190, 
Aug* 1944. 

* F. £. Terman, Badio Snffineers* Handbook, McGraw-Hill Book Co., 1943, 

p.660. 
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Suppose a radio link is to operate at 10,000 megacycles, with 
parabolic antennas 4 feet in diameter at both ends of the link. At 
this frequency there is no diflSculty in providing a receiver having 
a noise figure (page 245) of 12 decibels. If the bandwidth is to be 
10 megacycles, a received signal 50 decibels above noise has a 
power Pr of 10® X 6.4 X 10“^® watt. The relation between 
transmitted power and received power is seen, by an obvious 
modification of the treatment given in Chapter 11, to be 

P 

101og^ = d6/ + 101og — 

where Pt is the transmitted power and G is the antenna gain. In 
this case G « 9400, if we take the antenna efficiency factor to be 
0.6. Therefore 

p 

lOlog— = dfep® + 27.1 
Pt 

For a range of 25 miles, dbp^ according to Fig. 11 -3 is —92, so that 

lOlogP^ = 92 - 27.1 - 71.9 = -7 
or 

Pt = 200 milliwatts 

This amoimt of power is nearly within the capabilities of a small 
tube such as the 419 klystron (page 62). We thus see that sur- 
prisingly small amounts of power are sufficient for point-to-point 
radio links operating at very high frequencies. This advantage of 
microwave carriers will obviously disappear in situations where 
directional beams cannot be used, as in the broadcast field. 

Microwave conununications networks have to include numerous 
relay stations, not only to minimize fading but also to surmount 
geographical obstacles. Ideally, a relay station consists of a re- 
ceiving antenna followed by an r-f amplifier feeding into a trans- 
mitting antenna. Microwave r-f amplifiers available at present 
are characterized by rather high noise levels, so that relay stations 
employing them have to be situated close together to maintain 
satisfactorily high signal-to-noise ratios. It is possible that tubes 
such as the ''traveling wave'' tube ^ will improve this situation. 

^ J. R. Pierce and L. M. Field, Proc, 35, 108 (1947); R. Kompfner, 

ibid., 85, 124 (1947). 
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An alternative scheme, which involves considerable added equip- 
ment, is to demodulate the incoming signal at a relay station, am- 
plify the modulation signal, and use it to modulate a transmitter 
operating at a different frequency. Microwave communication 
links involving as many as seven relay stations,^ are now in opera- 
tion. 


12-3 FREQUENCY STABILIZATION 

Microwave oscillators are apt to drift in frequency as a result 
of temperature or voltage changes to a large enough extent to 
require some form of automatic frequency control (AFC). The 
radar AFC scheme described on page 262 may be applied here, 
after suitable modifications. The gain of the W amplifier must be 
increased to allow for the lower signal strength, since here the 
control must be based on the received signal, even though this 
introduces the chance of locking on an interfering signal instead 
of the desired one. In the case of a frequency-modulated system, 
the need for a separate AFC i-f amplifier is obviated by the use of 
the discriminator output for control purposes. After d-c amplifica- 
tion and low pass filtering to avoid degeneration of signal fre- 
quencies, the discriminator output is fed to the local oscillator in 
proper phase to correct for frequency shifts. 

The r-f discriminator developed by Pound (page 267) can be 
employed to give very precise frequency control of both the 
transmitter and local oscillator.® As in the case of more conven- 
tional AFC systems, modulation frequencies must be attenuated 
in the feedback loop. 

12-4 MULTICHANNEL COMMUNICATION 

Microwave transmitters and receivers at present available can 
be adapted to handling modulation signals covering a band of the 
order of 20 megacycles. This gives the possibility of transmitting 
a very large number of audio channels or several video channels 
over a single r-f carrier by a variety of methods. 

® Eledir(mic8f 21, 114 (Jan. 1^8). 

® L. M. Hollingsworth, H. Logemann, A. W. Lawson, and J, M. Sturtevant, 
Badiation l 4 kboratory Beport 977, Jan. 1946. 
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Several methods of multichannel communication are based on 
time discrimination methods. The pulse time modulation system, 
in which the time interval between a reference trigger pulse and a 
movable pulse is varied in accordance with the intelligence to be 
transmitted, can handle several audio channels if several different 
movable pulses are used in each repetition interval. In transmit- 
ting intelligence by pulses, whether by pulse amplitude or pulse 
time modulation, the pulse repetition frequency should be higher 
than twice the highest modulation frequency to be transmitted in 
order that the lowest combination frequency of the modulation 
and pulse frequencies can be removed from the signals by a low 
pass filter. If pulses of the order of a microsecond wide and delay 
circuits of ordinary precision are employed so that the r-f band- 
width required is only one or two megacycles, the restriction to high 
repetition frequencies limits to a relatively small number the audio 
channels which can be accommodated. If, however, very narrow 
pulses and precision delay circuits are used, with correspondingly 
large r-f bandwidth, the number of signal channels may be much 
increased. 

Mention should be made here of the newly developed pulse 
code modulation,^ which is applied to multichannel communica- 
tion, and which has the important property of permitting practi- 
cally noise-free transmission. 

An ingenious multichannel communication scheme may be 
based on the use of storage tubes (page 186). If a train of audio 
signals covering a 5-kilocycle band and lasting t seconds is stored 
in such a tube and then removed in f/1000 second, it is converted 
into a 5-megacycle band of signals. In principle, several hun- 
dred such audio bands could be compressed into a single 5- 
megacycle video band for transmission and then expanded back 
to audio signals at the receiving station. Switching transients 
would be introduced into the audio signals, but these could be 
made short enough not to interfere appreciably with intelli- 
gibility. 

In certain specialized applications, such as radar relay (Section 
12*5), it may happen that each of several channels of video or 
synchronization intelligence needs to be used only diuring a certain 
portion of each repetition interval. In such cases simple eleo- 

7 W. M. Qoodall, BdL System Tedh, 26, 395 (1947); L. A. Meacham and 
E. Peterson, itnd,f 27, 1 (1948). 
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tronic switching of a single transmitter between the various signal 
channels may be used. 

In connection with multichannel transmission it may be noted 
that a single microwave antenna of cylindrical symmetry can be 
used with two transmitters or two receivers by having the polari- 
zations of the two r-f beams mutually perpendicular.® One can- 
not rely on crossed polarization to give more than 15 or 20 decibels 
decoupling between the two r-f channels, so that it will be necessary 
in general to use two different r-f carrier frequencies in order to 
obtain further discrimination by receiver selectivity. Actually, 
the chief purpose of the crossed polarization is to remove the 3- 
decibel losses which would otherwise result from having an extra 
receiver (or transmitter) present to absorb half the energy of a 
received (or transmitted) signal. 


12-5 MISCELLANEOUS APPLICATIONS 

In this section we describe briefly a few examples of microwave 
communications equipment developed for various applications 
during the war. 

Ultraportable Telephone Radio Link 

The U. S. Signal Corps developed a microwave transmitter- 
receiver for audio communications which is unique and interesting 
in several respects. This equipment was designed primarily to 
serve as a radio link in a wire telephone system to afford easy 
bridging of narro^y bodies of water or difficultly accessible valleys. 
The transmitter consists of a single modulation amplifier tube and 
an amplitude-modulated lighthouse tube (Chapter 3) operating in 
the low frequency region of the microwave spectrum. The re- 
ceiver likewise consists of only two tubes, a lighthouse super- 
regenerative detector and a stage of audio amplification. A small 
parabolic antenna is used for both transmitting and receiving. 
The equipment may be battery-operated and is easily portable. 
A free space range of 6 to 10 miles is reported. 

® A. W. Lawson in Radiation Laboratory Report 977, Jan. 1946. 
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Pound^s Cross Band System 


Pound has developed an interesting system for communication 
at about 10,000 megacycles, based on his r-f discriminator type of 
frequency stabilization (page 267). In this system, the transmit- 
ters are frequency-modulated, the unmodulated frequency being 
controlled by an r-f discriminator. The transmitters are sepa- 
rated in frequency by the receiver intermediate frequency, so that 
each receiver employs as its local oscillator the transmitter at the 
same station. This system, because of its very high carrier fre- 
quency, is ideally adapted to cases where highly directional beams 
are required; correspondingly, good ranges can be obtained with 
low power tubes such as the 419 klystron. Wideband signals, such 
as video signals, can be accommodated. 

Radar Relay 

It was pointed out in Chapter 11 that radars such as the MEW 
can collect a tremendous amount of information, a fact which led 
during the war to the use of nximerous indicators with each MEW 
so that many operators could simultaneously interpret specified 
portions of this information. The information collected by a radar 
may also be of importance, for example, to air traffic control offi- 
cers at some remote location. Because of the rapid motion of 
modem aircraft, it is evident that radar information concerning 
them becomes rapidly less significant with time; in many situa- 
tions, data a minute or so old are practically useless. This con- 
sideration shows that telephonic transmission of radar data in 
general detracts greatly from their usefulness. A much better 
solution is to give to operators at remote stations exact duplicates 
of the indicator presentations available at the original radar, and 
with a negligible time delay. This is the solution aimed at by 
radar relay. 

An obvious method of relaying radar information by radio is to 
televise an indicator at the radar; this scheme has been proposed 
for use in air traffic control systems. Although this device is en« 
tirely satisfactoiy for some applications, it is inadequate for others. 
Numerous specialized types of radar indicators have been devel- 
oped, some of which are described in Chapter 6. For the fullest 
utilization of the data from a radar such as l^e MEW, it is impor- 
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tant that these various types of presentation be available simul- 
taneously even at remote stations. The television scheme obvi- 
ously allows only one type of presentation per television channel. 
A more generally useful scheme is to relay the ^‘raw^' radar infor- 
mation, consisting of one or more channels of video signals and 
data for synchronizing indicator sweeps with the radar modulator 
pulse and the motion of the radar antenna. 

There can be no doubt that radar relay will play a very impor- 
tant role in whatever system, or combination of systems, is even- 
tually adopted to give a safe and efficient solution to the increas- 
ingly complex problem of the control of civilian air traffic. 
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CHAPTER 


1 3 


MICROWAVES IN 
PHYSICAL RESEARCH 


In Chapter 11 we have described the use of microwave methods 
in the construction of radar. In Chapter 12 the possibilities of 
microwave communications have been discussed. These are not 
the whole story, although much development has gone into them, 
and in this chapter we describe four research fields in which there 
is considerable current activity. More will doubtless appear. 

These four lines of research bear very little relation to one 
another, except in the common methods of microwave manipu- 
lation. This is what one would expect in research in which micro- 
waves are used as a tool to gain an end. The grouping of these 
in one chapter is therefore largely useful to the reader who seeks to 
see what can be done with microwaves and who would like to use 
the technique for his own ends. 

The four topics are: microwave absorption; radiation measure- 
ment by microwave technique; microwave accelerators for nuclear 
physics; microwaves and superconduction. 


13-1 MICROWAVE ABSORPTION 

The first discovery of microwave absorption was made by Clee- 
ton and Williams in 1934. Their methods differ considerably from 
those used today, but they overcame considerable experimental 
difficulties to secure results which were a clear ten years ahead of 
tiie times. Their work will be described more coxxipletely later. 
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At present we can consider why a microwave absorption spectrum 
is of interest to anyone other than those engaged in filling out 
tables of numbers. 

The physical interpretation of molecules is becoming steadily 
more and more important. Great advances along these lines have 
been made in which almost every branch of physics from theoreti- 
cal quantum mechanics to x-ray and electron diffraction has been 
used. The aim of this interpretation goes beyond the description 
of plausible models: it is toward a complete account in which all 
kinds of separate information are interconnected to give the final 
description. Thus one can, from measurement of a gaseous dielec- 
tric constant, infer a dipole moment, which in turn must fit in 
with the molecular sizes determined from electron diffraction and 
also have a bearing on the temperature coefficient of viscosity. 
The addition of one more source of physical information about 
molecules is therefore of value even before the available results 
have been fully examined. This is one reason for the interest in 
microwave absorption. 

A second reason is that microwave absorption enables informa- 
tion to be gained on collision processes, which in turn involve the 
forces between molecules. This information is obtained from the 
strong pressure effects observed which are much more pronounced 
in microwave spectra than in optical spectra, and form, indeed, 
the most striking feature of absorption measurements in this region 
of the spectrum. 

A third region of interest is the study of the effect of electric 
and magnetic fields on microwave spectra. It has been shown that 
this can lead to the determination of nuclear spin among other 
things. 

Many other possibilities exist. Little work has been done on 
absorption by liquids and more complex molecules. This field 
may well prove to give figures which are of great use in analysis 
of structure or, in reverse as is now done for infrared spectra, for 
physicochemical analysis. 

It is of some interest to inquire into the manner in which a 
molecule can suffer a transition between two energy levels so close 
together that a microwave absorption results. The energy equiva- 
lent to one quantum at 30,000 megacycles or 1-centimeter wave- 
length is given by hv « 6.6 X lO^^^ X 3 X 10^® or 1.98 X 10“^® 
erg. (Here h is Planck’s constant and v is the frequency.) This is 
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1.24 X 10^ electron volt per molecule, or 2.86 calories per mole. 
This is very much less than the energy change in the mildest chem- 
ical reaction between ordinary molecules. It is also far less than 
the usual energy separation between levels due to electronic 
transitions or to vibrations in ordinary molecules. On the other 
hand the energy separation between rotational levels is not so 
large. For an ordinary linear molecule like OCS (carbonyl sul- 
fide) the moment of inertia perpendicular to the axis of the mol- 
ecule is about 10“^® gram cm^, and so the energy levels are given 

+ 1 ) 

X 10“®* 

where J can have the values 0, 1, 2, 3, • • •, etc. The separation 
between the first two levels is therefore 0.55 X erg, which is 
less than the above figure, corresponding to a still longer wave- 
length. The separation of rotational levels is therefore one which 
is of the right order, and it may be expected that in one form or 
another microwave spectra will be concerned with rotational 
levels. Measurements on rotational levels yield information about 
the moments of inertia of a molecule which in turn is a clue to the 
correct molecular structure. The rotational lines are very sharp, 
and the moments of inertia so deduced are very accurate. 

In addition, many processes cause energy levels which are 
normally multiple, but have exactly the same energy for each 
term (so-called degenerate levels) to split into closely separated 
energy levels. This occurs in the Zeeman effect or the Stark 
effect. The transition between these closely separated energy 
levels can well be in the microwave region. Moreover, since the 
level separation is to some extent under control by the magnetic 
or electric field, this type of absorption process is attractive to 
study. The element of chance in finding the correct frequency 
for absorption is lessened. The precise observation of the way in 
which the multiplets develop gives valuable information about the 
precise nature of the molecular energy level concerned, and so is 
of great interest. 

Moreover, it has recently been proved possible to observe the 
*‘h 3 q>erfine structure” due to the coupling of the electric and 
magnetic fields of the nucleus with the molecular structure. Such 
observations tell us the nuclear spin and the nuclear magnetic or 
electric mom^t. 
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Experimental Method 


Although, in principle, we should outline the various avenues 
for research in microwave spectra from the theoretical point of 
view, this is not possible at the present time. The reality is that 
the limitations on research imposed by experiment are so great 
that one is more inclined to seek a problem to fit the equipment 
than to design equipment to solve a problem. This being so 
we can here describe some of the present methods of working on 
microwave spectra and then indicate the theoretical interpretation 
which has been placed on the results. Two general methods are 
in use: attenuation measurements in waveguide; and the change 
in Q of a large cavity. 

Attenuation Measurements in Waveguide 

A well-constructed metal waveguide has an attenuation on its 
own account of somewhere near 1 decibel per meter at 30,000 
megacycles. This was discussed in Chapter 2. Moreover it is 
quite constant. Therefore if some method of observing the power 
transmitted by a waveguide is devised, the change due to the 
introduction of an absorbing gas will be measurable even if the 
absorption is small. This technique was first carefully applied at 
the Radiation Laboratory by Beringer.^ The element studied was 
oxygen, and the absorption path was a rectangular silver wave- 
guide of length 6.19 meters, 0.18 inches wide by 0.086 inches 
deep. The process of absorption is as follows. The electromag- 
netic field of the radiation acts on the electrons in the molecule. 
This force is superposed on the force binding the electrons in posi- 
tion in the molecule, and while it is present the molecule is in an 
abnormal condition. The electrons, and indeed the molecule as a 
whole, can exist in certain definite conditions, characterized by 
definite energy values. If the radiation is of high enough frequency 
so that the value of hv is sufficiently large, the abnormal condition 
of the molecule can result in the transition of the molecule to a 
state of higher energy. This energy is subsequently re-emitted in 
one form or another. Such transitions are exceedingly improbable 
unless the frequency of the radiation is somewhere near the res- 
onant frequ^cy. In any event the transition does not occur in 

^ R. Beringer, PhyB. 70, 63 (1946)« 
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a regular manner; it is a matter of pure chance, although the odds 
may vary considerably. One cannot say which molecule will 
absorb the radiation, but only that on the average some will. 
The rate of average absorption may vary greatly but the random 
nature is still there. These random processes are conventionally 
described in terms of a cross section per molecule. The cross sec- 
tion is a fictional quantity which represents the effective target 
area presented by each molecule. For a ‘^probable’' process 
(i.e., one with favorable odds) the ‘‘cross section^^ is large; for an 
“improbable” process it is small. 

If we represent this effective target area per molecule by S and 
there are N molecules per unit volume, we can express the area of 
target presented to a beam of radiation of area A passing through 
a thickness dx as S times the number of molecules present, or 
SNA dx. Now we can describe the probability of absorption in 
two ways: the first is the ratio of area of target presented to the 
area of the beam, which is SNA dx/A or SN dx; the second is the 
ratio of the change in beam intensity to the original beam intensity 
or — d/ /I. Equating these gives 

dl 

^SNdx 

I 

and if we use I as the intensity of the radiation at a distance a:, 
and /o as the initial intensity we get 

L = 

h 

The quantity SN is usually written as a and is called the absorp- 
tion coefficient. The experiment is therefore concerned with the 
measurement of a, from which S can be derived. 

The block diagram of the equipment used by Beringer is shown 
in Fig. 13-1. The microwave power from a 1-centimeter klystron 
is fed into a crystal frequency multiplier in which the frequency is 
doubled and from which the centimeter power is fed down the 
waveguide. The power transmitted is detected by a crystal, and 
the rectified voltage is amplified. In order to make possible the 
measurement of the relatively small change in transmitted power 
when gas is introduced, the unattenuated voltage due to the evac- 
uated tube is balanced out, and the change from balance is meas- 
ured when the gas is introduced. 


(13-1) 
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Fia. 13*1 Schematic diagram of Beringer’s original apparatus for measure- 
ment of microwave absorption. Radiation at cm, which is the first har- 
monic of a 1-cm oscillator, is sent through a section of waveguide which can 
be filled with the gas under test. The transmitted radiation intensity is 
rectified by a crystal, and the rectified voltage, which is modulated at 1000 
cycles, is balanced against a 1000-cycle oscillator by means of an attenuator. 

The attenuator reading measures the absorption. 


SO changes the loss due to the finite resistance in the guide.^ Atten- 
uation beyond this figure is considered to be due to true gas absorp- 
tion, A second effect is due to the change of wavelength of the 
radiation in the guide which changes the phase at the detector. If 
there is any appreciable standing wave ratio a large change of 
phase would make a serious error. Actually the change of phase 

^This subject is discussed in Ramo and Whinnery’s Fidds and Wave$ in 
Modem Radto^ John Wiley and Sons, 1944, p. 346. 
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is not great, and if the standing wave ratio is kept low the error is 
kept within bounds. 

Beringer’s results are shown in Fig. 13-2. The curve shows the 
variation of the attenuation constant with frequency for pure 



.7 .6 .5 .4 


X (cm) 

Fig. 13*2 Beringer’s results for the absorption of microwave radiation by 
oxygen. The curve shows the variation of the attenuation constant with 
frequency. The solid curves are theoretical lines derived by Van Vleck for 
various values of ^v/Q which describes the natural line width. 

oxygen. The whole of the absorption line is not covered, but the 
agreement with theory is not bad, as the fit to the curve drawn 
through the points shows. 

Ammonia Absorption 

Of great interest is the absorption by ammonia. This property 
was discovered by Cleeton and Williams * in 1934, and ammonia 
has been much the most thoroughly studied gas. 

The pioneer work of Cleeton and Williams differs in many re- 
spects from present-day techniques. It is an astonishing achieve- 
ment when one recalls the effort which went into similar endeavors 
eight years later during the war. Cleeton and Williams attacked 
the problem by standard optical methods. They relied on an 
echelette grating to provide radiation of a known wavelength. 
* O. E. Cleeton and N. H. Williams, Bev., iS, 284 (1984). 
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The source of the radiation was a series of four split-anode magne- 
trons which were scaled down from 9-centimeter magnetrons built 
to a design by Kilgore. The oscillating system was a Lecher wire 
pair 4 millimeters long. The anode radius was 0.27 millimeter, 
and the magnetic field 11,000 gauss. Graphite anodes were used, 
and the oscillating system was enclosed in the vacuum envelope. 
With the aid of two paraboloid reflectors the radiation could be 



Fig. 13*3 Cleeton and Williams^ apparatus for the observation of micro- 
wave absorption by ammonia. Radiation from the split-anode magnetron is 
selectively reflected by the grating, and the absorption in a large rubberized 
cloth cell is measured directly. 

detected by an iron pyrite-phosphor bronze crystal, and it gave a 
full scale deflection on a galvanometer. 

Cleeton and Williams’ spectrometer is illustrated in Fig. 13*3. 
The magnetron source is placed at the focus of a paraboloid. The 
beam of radiation resulting is diffracted from an eighteen-element 
grating with a constant of 7.49 centimeters designed so that the 
elements could be adjusted to give maximum intensity at any 
angle in use. The diffracted beam passes through a cell of rubber- 
ized cloth 16 inches long and of rectangular section 36 by 45 inches. 
The radiation passing through this cell was reflected from a parabo- 
loid onto a crystal. The rectified current operated a galvanometer. 

The results obtained by Cleeton and Williams are shown in 
Fig. 13*4. The absorption coefficient was measured as a function 
of wavelength by comparing galvanometer readings with and 
without the cell in place and correcting for the absorption of the 
cell itself by taking a separate set of readings with air in the cell. 
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The resonance nature of the absorption is clearly seen. The line 
drawn is a theoretical line derived by supposing the line width to 
be due to the effect of collisions in modifying the spectral distribu- 
tion of radiation incident on the molecules. This theory will be 
discussed further a little later. 

With the vastly improved microwave technique resulting from 
war research a fresh attack could be made on the problem of the 



Wave number 

Fig. 13*4 Cleeton and Williams’ original observation of the absorption of 
microwaves by ammonia. The curve is drawn according to the relation 
a « A/®lsin (tA/)/A/1* obtained by assuming that the line width is due to the 
shortening of wave trains by collisions. 

ammonia spectrum. This has been done by Bleaney and Penrose * 
Good,® and Townes.® The method used is essentially the same as 
that employed by Beringer. The microwave generator is rather 
easier to set up since the wavelength is around 1.26 centimeters 
where well-engineered tubes are available and no frequency 
doubling by a crystal is required. The method of indication in- 
volves sweeping the frequency of the oscillator providing^ the 
microwaves and synchronizing a sweep on an oscilloscope with it. 
The difference in the output of two crystals, one at the entrance to 
the absorbing path and the other at the end, is then displayed as 
a vertical deflection on the oscilloscope. The actual shape of each 
single absorption line is then seen on the oscilloscope scre^, 

* B. Bleaney and R. F, Penrose, Nature, 157, 339 (1946). 

‘ W. E. Good, Phu8. Bev., 69 , 639 (1946). 

* C. H. Townes, Phya, Bev,, 70, 665 (1946). 
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The most interesting result of this recent work is that when the 
pressure of the ammonia is reduced the absorption spectrum passes 
from the single broad band discovered by Cleeton and Williams to 
a series of twenty-six separate lines. The positions of these lines 
are shown in Fig. 13-5. They are interpreted as being due to a 
form of repetition of the molecular transition responsible for the 
absorption line itself. It is worth while to give here a brief descrip- 
tion of the way in which the ammonia absorption arises because 



Fig, 13-5 Plot of the frequencies and relative' intensities of the* aiiunonia 
absorption spectrum according to Good. These lines can l)e analyzed in terms 
of the rotation levels of a symmetrical top molecule. 

it is an interesting process. The ammonia molecule has three 
hydrogen atoms in a plane, with the nitrogen atom situated above 
this plane. The molecule can vibrate and also rotate. The process 
of vibration, in which the nitrogen atom goes back and forth 
through a short oscillation above the plane of the hydrogens, is 
responsible for a vibration spectrum having wavelengths much 
shorter than the microwave region. This vibration can also take 
place with the nitrogen atom below the plane of the hydrogens, 
which is an alternative configuration indistinguishable from the 
other. The existence of these two configurations has an efiect on 
the nature of the energy levels of the molecule, causing them to be 
double. The separation of the two values corresponds to a fre- 
quency difference which is in the region of 30,000 megacycles. It 
is the transition between these two levels which is produced by 
the electric field of the microwave radiation and causes the ab- 
sorption. 


381 




The doubling of the levels is analogous to the production of two 
frequencies when two pendulums of equal length are suspended 
from a common support which can itself vibrate. The two fre- 
quencies of oscillation of the pendulum are nearly equal for small 
‘^coupling/^ and the difference in frequency depends on the amount 
of coupling between the two. The analogue of the coupling of the 



Fig. 13*6 Showing the potential energy of a nitrogen atom of ammonia in 
the field of the 3 hydrogen atoms. Two positions are possible, as the two 
valleys in the potential energy curve show. The fact that a finite chance of 
penetrating the plane of the hydrogens exists causes each energy level to be 
double. Transitions from one to the other of these double levels accounts for 
microwave absorption in ammonia. 

pendulums is the height and thickness of the potential wall between 
the two configurations of the ammonia molecule. This is shown 
in Fig. 13*6. As the state of excitation of the molecule increases, 
the potential wall becomes thinner and the separation of the two 
levels increases. The only level concerned at 30,000 megacycles 
is the groimd state. The reason why this does not appear as a 
single transition is that the whole molecule is also capable of rota- 
tion. The energy of rotation is quantized so that it has definite 
values. Each different value of the rotational energy modifies the 
diagram of Fig. 13 *6 by an effect analogous to centrifugal force, so 
that the coupling between the two positions is different for dif- 
ferent rotational states. This, in turn, means that the separation 
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between the two frequencies is slightly modified for each possible 
rotational state. This small change is definitely measurable, and 
if the frequencies of the separate absorption lines are observed the 
form of the potential curves of Fig. 13*6 can be plotted. More- 
over, the relative intensities of the terms are informative. These 
vary according to a fine structure within the rotational levels, a 
fine structure determined by the nuclear spin of the hydrogen 
atoms. This is known to be J^(^/27r) and the predicted fine struc- 
ture requires one absorption level in three to be double in intensity, 
which is found. The rotation is actually described in terms of 
two quantum numbers, J and K, The calculated and observed 
intensities for different values of J and K are in excellent agree- 
ment. 

The observation of the effects of electric and magnetic fields on 
the inversion spectrum of ammonia has just been reported by 
Coles and Good. The first, known spectroscopically as the Stark 
effect, is caused by the polarization of the molecule by the electric 
field. This causes the formation of a dipole which will assume a 
series of definite angles of orientation. Since the dipole is associ- 
ated with a considerable amoimt of rotating electric charge due to 
the normal motion of electrons, a gyroscopic action is superposed 
on the orientation with respect to the field. This causes preces- 
sion. The rate of precession then determines the actual frequency 
of the absorption spectrum. Since the applied electric field has to 
create the dipole as well as cause the orientation, it is found that 
the frequency shift is proportional to the square of the field. 

The effect of a magnetic field is to interact with the magnetic 
moment of the molecule, which is normally already present on 
account of the rotation of the electrons. The same result occurs, 
namely an orientation in the magnetic field with a precession 
around the magnetic field. The frequency shift is proportional to 
the field itself. 

Carbonyl Sulfido, OCS 

The OCS molecule is linear and possesses a permanent electric 
moment. It should therefore be possible to locate one of the tran- 
sitions in its rotation spectrum, observe the microwave absorption, 
and study the nature of the molecule as revealed by the actual 
fmquenoy of the absorption line, and the effect of an electric 
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field on it. In addition it should be possible to observe variations 
in the intensity of the components of the line when under the 
influence of the electric field and so make a measurement of nu- 
clear spin. The added information from pressure broadening of 
the absorption renders work on this com- 
pound of some interest. 

Dakin, Good, and Coles ^ have re- 
cently reported microwave absorption 
at 24,320 megacycles at pressures less 
No electric field than one tenth of a millimeter of mer- 

cury, The measured moment of inertia 
is 1.379 X 10“^® gram cm^ which agrees 
excellently with the calculated value of 
1.38. The same authors observed the 
effect of an electric field on the absorp- 
tion line. This is shown in Fig. 13*7 
which is taken from their paper. Fields 
up to 1070 volts per centimeter were 



750 V per cm 




1070 V per cm 

Fig. 13-7 Stark effect 
for a rotational line for 
CCS as reported by 


applied parallel to the electric vector. 
The splitting of the line is readily vis- 
ible. Theory requires that for this par- 
ticular rotational transition from J = 1 
to J = 2 the difference in frequency 
between the two lines is 


Dakin, Good and Coles. 73 \ g 7 r 2 j ^2 

The figures represent an A/ ** { ) (13*2) 

oscilloscope trace. The \20 84/ h? 


are 6 mc apart, electric field. Since /, the mo- 

components which are of inertia, is fixed by the frequency 

shifted by different of the absorption line, as already men- 


amounts. tioned, it is possible to measure in, the 


dipole moment. The value obtained is 
0.72 X 10“^® electrostatic unit, and is in agreement with other data. 


Hydrogen Fine Structure 

The most interesting work from the theoretical point of view is 
that of Lamb and Rethexford ^ who have measured hgr an indirect 

^ T. W. Dakin, W. E. Good, and D. K. Coles, Phya. 70, 560 (1946). 

• W. D. Lamb, Jr., and I. G, Retherford, Phya, Rev,, 72, 241 (1947). 
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means the microwave absorption frequency corresponding to a 
transition in the fine structure of the hydrogen atom. The results 
do not fit theory, and they indicate that refinements in modem 
radiation theory are needed. 

Pressure Effects 

The most striking effect of microwave absorption is the great 
broadening of absorption lines by increasing pressure. The 
original absorption line observed by Cleeton and Williams for 



Frequency (thousands of megacycles) 


Fig. 13*8 Broadening of an absorption line of ammonia by increase of pres- 
sure. The higher pressure means more frequent collisions and hence shorter 
wave trains. This causes a frequency spread which appears as a broader line. 

NH 3 is actually the sum of 26 lines which are completely unre- 
solved at atmospheric pressure. The effect of increasing the pres- 
sure from 0.27 to 0.83 millimeters of mercury for one absorption 
line is shown in two curves due to Townes, which are reproduced 
as Fig. 13*8. This pressure broadening of a spectral line is due 
to various effects. In microwave absorption the large effect is due 
to the intermption of the absorption process by perturbations from 
other molecules, a process usu^dly called collisions. 

How this can happen is easy to see. The process of absorption 
has already been described. It consists of the superposition of the 
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microwave electromagnetic field on the electric and magnetic 
fields of the molecule. As a result of this superposition the mol- 
ecule is in an abnormal condition, and if there is enough energy 
available in the light quantum of the microwave radiation there 
will be a change in the molecular configuration corresponding to 
absorption. Such a change will be very unlikely unless the inci- 
dent frequency fits precisely the molecular level scheme. How- 
ever, if other molecules approach the particular molecule we are 
considering so as to introduce an additional perturbing field it may 
be that the sum of the field due to the radiation and that due to 
the new molecule can cause a transition. This may occur even if 
the incident frequency is not exactly coiTect. At high pressures 
many such perturbations occur, and so the absorption process is 
not nearly so precisely confined to one frequency. 

An estimate of the pressure effect can be obtained as follows. 
The processes of absorption and emission are similar. We can 
therefore inquire into the spread of frequency produced in an 
otherwise exact frequency oscillation by interruption due to col- 
lisions. If the average time between interruptions is r seconds 
and the frequency for continuous emission is / = c*Jo/27r, we can 
apply the Fourier integral (Appendix 1) as follows. We suppose 
the molecule to be emitting radiation such that the electric field is 
zero until time < = — t/2, is then until t = +r/2, and is 
thereafter zero again. If we represent the actual field by /(O 

/«) = /_ 

where 

c(«) - i r f(y)e~^‘^dy (13-3) 


The quantity c(<a) is therefore the key to the frequency distribu- 
tion. It can be evaluated by using the known fact that f(t) is 
Ae^ while t goes from —t/2 to t/2 and is zero everywhere else. 
This gives , 


which is 


1 r"'® , 

_ I 

2ir J -t/2 


sin - (« 
1 2 


*■ 


« — Wo 
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This is a rather well-known result, being precisely the same as the 
Fourier integral for a pulse of length r and frequency «o/ 27 r. The 
amplitude of a component of frequency w is therefore given by 
sin [(r/2)(a) — wo)]/^*> “ wq which is the same as sin [(r/2) A/J/Af 
where A/ is the difference of frequency from the midpoint value. 
If we consider only the first maximum of this expression we see 
that it has an overall frequency width of iTr/r. Most of the 
amplitude is confined to ±;2 /t. Thus to a simple approximation 
we can suppose that the line width is increased by an amount 2/r 
for an average interval between collisions of r seconds. 

Now if the molecules in a gas have an average speed of v centi- 
meters per second and the average distance between collisions is L we 
have T = L/v, Thus we have a simple picture of the process of ‘‘pres- 
sure broadening.^* Using some plausible values we have v = 10^ 
centimeters per second and L = 10““® centimeter, so that r = lO””^ 
second and the broadening of the line is 2/10“^ or 20 megacycles. 

This simple theoiy can be made more quantitative. This was 
done by Lorentz, and has recently been improved still more by 
Van Vleck and Weisskopf.® An accurate experimental test of the 
theory should in principle give information about the quantity 
L/v in the first place, and the lifetime of excitation of the molecule 
independently of collisions in the second place. Measurements of 
L/v can then be compared with measurements made in other ways, 
for example by measurement of viscosity. If there is agreement, 
little more need be said. However, it is unlikely that there will be 
agreement because the effect here considered requires only that 
two molecules approach near enough to supply a perturbing field 
which will enable an absorption to take place. The type of colli- 
sion involved in the measurement of viscosity is one in which 
momentum is transferred from one molecule to the other. This is 
a much closer collision. Evidence already exists to the effect that 
“collision cross sections** for pressure broadening are larger than 
for viscosity processes. Such evidence, if it can be made quantita- 
tive enough and theory can be devised to interpret it, can give 
information about intermolecular forces which cannot be obtained 
by more usual methods. 

The study of pressure effects requires highly sensitive methods 
of measurement of small absorption coefficients. For this purpose 

• J. H. Van Vlecjk and V. W. Weisskdpf, Revs. Mod. Phys., 17, 227 (1946); 
see also H. Margenan and W. W. Watson, Revs. Mod. Phys., 8, 22 (19^). 
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the waveguide technique as described above is not adequate. In 
several laboratories a method depending on the change in Q of a 
large cavity is being developed. This is advantageous because 
the large walls of the cavity permit large currents to flow without 
excessive loss, whereas the small size of a waveguide introduces 
loss. The problem of measurement of the field intensity inside a 
cavity is considerable, particularly if it is done accurately. Values 
of a as small as 10'"®cm“"^ have been observed in this way. 
It seems likely that once it is solved this method of study will be 
very productive. 


Microwave Absorption by Liquids 


The study of microwave absorption by liquids has begun to 
yield interesting results. If a field E = is imposed on a 

dielectric, equation 1 • 13 a appears as 


curl H = - ^ h j(^k^ 

(In this equation fei represents the quantity 27r/X.) The right- 
hand side is accordingly complex, and the ratio (47r/7)/a>fci is 
called the tangent of the loss angle, 6. Theory indicates that 


tan 5 = 


{K + 2)2 Airy? 


Nc- 


K 27kT 1 + (wr)^ 


Here K is the dielectric constant, y is the dipole moment per mole- 
cule, N the number of molecules per cubic centimeter, k Boltz- 
mann^s constant, T the absolute temperature, and r the relaxation 
time of the dipole moment, meaning the time to return to normal 
position after a disturbing field has been removed, r is deter- 
mined by the molecular radius a, the local viscosity i;, and the 
temperature, and simple theory indicates that 

Airifc? 
r = 

kT 


Using information from other sources and assuming that ri is the 
same as for a large scale liquid, it can be predicted that for simple 
molecules t is of the order of second. Now the quantity 
«r/[l + (air)2] appearing in the expression for tan d has a maxi- 

P, Debye, Polar MoUmlM, Eeinhold, 1929, Chap. 5. 
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mum when cor = 1. This will accordingly be when o) ~ 10^® 
radians per second, or a frequency of about 1600 megacycles, 
which is in the microwave region. The study of the quantity 
AirlyiaK or tan 5 can therefore enable the relaxation time to be 
measured and in addition can give a determination of the dipole 
moment per molecule. 

The quantity i^Trfyo)K is directly measured in terms of the Q of 
a cavity, with and without dielectric. Recalling the definition of 

® energy stored 

2ir 

energy lost per cycle 

it is seen that 


1 1 energy lost per cycle 


Q 2ir energy stored 

The energy per unit volume in a dielectric is KE^ /St, and there is 
an equal amount of magnetic energy, while the pow er lost per unit 
volume per second is E^/y. The energy lost per cycle is then the 
power lost times the time cf one cycle, which is 27r/w. Thus for 
1/Q is obtained 

1 E^ 2w 

— X — X — X volume 
1 27r 7 0) 4:T 

Q ^ ^ 

2 X X volume 

8v 


The measurement of 1/Q thus gives tan 5 directly. Actually the 
difference between the reciprocal of Q for the dielectric filling and 
that for vacuum filling has to be taken. 

The figures for benzophenone in benzene solution are given in 
Table 3 • 1 as a sample of results obtainable in this way. They are 
due to Jackson and Powles.^^ 


Table 13*1 


Frequency 

Observed 


(cycles) 

tan 5 X 10* 

Calculated 

6.18 X 10* 

1.82 

1.80 

1.19 X 10» 

3.95 

3.60 

a.ao X io» 

7.92 

8.40 

9.80 X 10» 

14.50 

14.10 

2.44 X 10“ 

9.65 

9.80 


W. Jackson and J. G. Powles, Trans* Faraday Soc,t 4SA, 104 (1046). 
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The calculated values are for t = 16.4 X 10*“^^ seconds and 
M ** 3,04 Debye units esu X cms). The agreement with 

theory is very good. 

A study of the temperature dependence of tan 6 for one fre- 
quency has been made by Whiffen and Thompson.^ Their results 
are in good agreement with theory except that the viscosity coeffi- 
cient determined from the values obtained for r is ten times too 
low. It therefore appears likely that the local viscosity near a 
polar molecule is not the same as the bulk viscosity of the whole 
liquid. The careful study of microwave absorption is therefore 
very promising with regard to research on the structure of polar 
liquids. 


13*2 THERMAL RADIATION MEASUREMENT 


It is well known that the thermal radiation from a ^^black body^' 
comprises all frequencies. The distribution of the amplitude of 
these frequencies is given by Planck's expression (equation 13*5). 
This distribution depends on the temperature of the black body. 
Since the manner of distribution is a perfectly definite function it 
is only necessary to measure the amount of radiation at one fre- 
quency from an unknown temperature source and compare it with 
the amount from a source at known temperature to be able to 
measure the unknown. Such a form of radiation thermometer 
was described by Strong.^^ By a process of multiple selective 
reflection Strong obtained a narrow band of infrared radiation, for 
example at 8.8 microns. This was detected by a thermocouple 
and sensitive galvanometer. 

The observation of thermal radiation in the microwave region 
was first made by Southworth.^^ In the course of experiments 
with a large antenna and a microwave receiver he observed an 
increase in the receiver noise when the antenna was pointed at the 
sun. This suggested that black body radiation from the sun was 
causing an added component of noise in the receiver. The equiv- 
alence between thermal noise and black body radiation had been 
discussed by Burgess a year or two earlier. Southworth found 

” D. H. Whiffen and H. W. Thompson, Tram, Faraday Soc,, 48A, 114 (1946). 

^ J. Strong, J, Optical Soc, Am,, 89, 520 (1938). 

M G. C. Southworth, /. Franklin Imt,, 2$9, 285 (1945). 
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that the power received from the sun agreed with calculations 
based on the idea that the sun is a black body radiator of effective 
temperature 6000®K and of volume 1.4 X 10^^ cubic centimeters, 
the energy being distributed according to Planck’s expression, 
namely 


U = 


Sirhfdf 


ergs per cubic centimeter 


(13 ‘5) 


where U is the energy density between frequencies / and / + d/, A 
is Planck’s constant, k is Boltzmann’s constant, and c is the 
velocity of light. Agreement was good at 10 centimeters, but not 
good at about 1 centimeter. 

The equivalence between thermal noise and black body radia- 
tion is interesting. Dicke “ has pointed out a simple way of see- 
ing that this equivalence is necessary. If an antenna is situated 
inside an enclosure with walls at a definite temperature and is also 
connected to a line terminated by a matching resistance so that 
no reflections occur in the line, the power received from the 
enclosure must be equal to the power radiated from the noise of 
the resistance. If it is remembered that the antenna has a direc- 
tional pattern which subtends less solid angle (as 1/X^) as the 
wavelength diminishes, it is seen that the antenna selects radia- 
tion from less and less of the enclosure as the wavelength gets less. 
However, for very long wavelengths the Planck formula given 
above indicates that the radiation density increases as 1/X^, so 
that the radiation absorbed by the antenna is independent of 
wavelength, but only if the temperature is constant. If the actual 
values for the antenna gain and the energy distribution are sub- 
stituted numerically it is seen that the radiation collected per 
second by the antenna is kT A/, precisely the same as the noise 
power of the resistance. 


Microwave Radiometer 

An interesting and well-designed microwave radiometer has 
been described by Dicke in the paper already cited. The block 
diagram is shown in Fig. 13*9. An antenna picks up radiation of 
all frequencies within its bandpass. A selection of these is made 

^ R. H. IMoke, Ueo, Sd. ImiruimenJUi ITy 268 (1946). 
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by means of a local oscillator and a wideband intermediate fre- 
quency amplifier. The black body radiation appears as noise 
which produces an average positive voltage after rectification of 
the intermediate frequency. This voltage measures the intensity 
of the radiation in the appropriate frequency band. Such a simple 


30- cycle generator 



Fia. 13 • 9 Schematic diagram of Dickers microwave radiometer. The antenna 
picks up black body radiation which is amplified and observed as increased 
receiver noise. To eliminate drift effects the noise from the antenna is com- 
pared with the noise from an absorbing strip 30 times per second. This i^ 
done by rotating a disk in a slot in the guide and amplifying the 30-cycle 
modulation introduced if the antenna noise differs from the absorbing strip 
noise. A balanced mixer minimises effects from mismatch due to the rotating 

disk. 

device will work, but it is not very sensitive. In order to increase 
the sensitivity the bandwidth must be wide, small fluctuations in 
line voltage and the like must be eliminated, and either a perfect 
impedance match to the antenna must be secured or a mixer must 
be so designed that the effects of a mismatch are not serious. 

These three design considerations are met by Dicke as follows. 
First, the i-f bandwidth is made as large as possible by good tech- 
nique. In his radiometer the figure was S megacycles. This 
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could be improved today by a factor of three or so. Second, in 
order to reduce the effect of line voltage variation or temperature 
drifts the instrument is constructed to compare very rapidly the 
noise from the antenna with the noise from an absorber placed in 
the waveguide. This is done by inserting a rotating wheel of 
absorbing material in a slot in the guide. The wheel is cut asym- 
metrically so that as it rotates it is in the guide for half the rota- 
tion and out of the guide for the other half. The rotation effects 
the change 30 times a second. The existence of a difference be- 
tween the noise from the antenna and that from the wheel will in- 
troduce a 30-cycle component into the output of the receiver. This 
component is all that is of interest; any effects due to line voltages 
will presumably not have this precise fre(iuency, and therefore 
if the amplifier is designed to record only the 30-cycle component a 
stable receiver of great sensitivity is available. This 30-cycle 
sensitivity is achieved by rectifying tiie output of the wideband 
intermediate frequency amplifier and sending it through a narrow 
band 30-cycle amplifier. In addition the amplified 30-cycle volt- 
age is reduced to zero frequency by beating it with the output of 
an a-c generator mounted on the same shaft as the rotating wheel. 
This then takes care of any slight departures from precisely 30 
cycles. The output is observed on a sensitive voltage-measuring 
device. In principle this can be a sensitive galvanometer but, like 
most physicists, Dicke is opposed to temperamental suspensions, and 
he substitutes a low pass filter, a d-c amplifier, and a microammeter. 

The introduction of this very powerful method of comparison 
of noise effects has some repercussions. If the rotation of the 
wheel causes a variation in the matching of the r-f line to the 
mixer there will be 30-cycle fluctuations in the i-f output from the 
mixer. To eliminate these one deliberately selects the beat volt- 
age from crystals placed at high and low points in the standing 
wave pattern. By taking the difference between these the effect 
of a mismatch is greatly reduced. This kind of mixer can very 
simply be designed into a magic tee (see Chapter 4). The local 
oscillator is introduced into the E plane branch, while the signal 
is fed into the H plane branch. The two crystals are placed in the 
two arms, one of which is an ei^th wavelength longer than the 
other. The i-f output is then transformer-coupled to the i-f 
amplifier* The operation of a balanced mixer of this type is de- 
scribed more fully in Chapter 8. 
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The whole instrument is calibrated by placing an absorbing load 
at known temperature in place of the antenna. The meter read- 
ing can then be converted to absolute temperature directly. The 
instrument will detect 0.5®C and with a 16-megacycle bandwidth 
the corresponding power is 10““^® watt. 

Not a great deal of work has been done with this very interesting 
device. Suggestions for its use appear in the literature, ranging 
from measurements of very low temperatures to the observation 
of ‘‘cosmic noise.” During the war it was considered important 
to know the nature of atmospheric absorption for microwaves in 
the region of 1 centimeter, and accordingly members of the Ad- 
vanced Development Group at the Radiation Laboratory made 
such measurements. These are reported by Dicke, Beringer, 
Kyhl and Vane.^® This use of the radiometer is somewhat in- 
direct. A fairly simple analysis shows that, if an antenna is 
embedded in a medium at a tempemture T and of length I bounded 
by another medium at zero temperature, the antenna temperature 

< = r(l-e-“*) (13-6) 

where a is the absorption coefficient. The measurement of t for a 
known atmospheric temperature T therefore enables the value of 
the atmospheric absorption coefficient a to be measured. Actually 
the earth’s atmosphere is not so simple a medium. Nevertheless 
by varying the angle of the antenna from the zenith and making 
antenna temperature measurements it is possible to fit the data 
reasonably well with a fixed absorption coefficient (at a single 
wavelength) for the water vapor distribution in the atmosphere. 
In this way the values 0.011, 0.026, and 0.014 decibels per kilome- 
ter per gram of water per cubic meter were found for 1.00, 1.25, 
and 1.50 centimeter wavelengths respectively. 

In the course of this work it was found that the noise from space 
beyond the atmosphere is very small. This is interesting because 
considerable noise is observed at much longer wavelengths and is 
apparently associated with the Milky Way. 

A few exceedingly interesting measurements have been made by 
Dicke and Beringer on radiation from the sun and the moon. 
They confirmed Southworth’s observation of microwave radiation 

“ R. H. Dicke, R. Beringer, R. L. Khyl, and A. B. Vane, Phya, 70^ 
340 (1946). 

R. H. Dicke and R. Beringer, Astrophys, 108, 375 (1946). 
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from the sun and found an effective temperature at these frequen- 
cies of 10,000®K, which is higher than the 6000® found from the 
usual solar radiation measurements. By observation of the radia- 
tion from the sun during a partial eclipse they showed that the 
size of the sun’s disk at 1.25 centimeters is the same as seen opti- 
cally. In a later experiment they observed that the temperature 
of the surface of the moon is 292®K. Dr. Beringer has pointed out 
to the authors that the observation of the rate of cooling of the 
moon’s surface during an eclipse would be most interesting as it 
would give some information about the material content of the 
moon. 

We shall end this section ^dth a quotation from Southworth’s 
paper. ‘Terhaps there lies ahead a new field of astronomical and 
terrestrial research comparable in interest and scope with that 
that has prevailed during the last two decades with respect to the 
ionosphere. The sun being a localized source of radio waves situ- 
ated entirely outside the earth’s atmosphere provides, for the first 
time, angles of attack on the structure of the earth’s atmosphere 
not previously possible.” 


13-3 MICROWAVE PARTICLE ACCELERATORS 

Multiple acceleration methods for speeding up electrons, pro- 
tons, deuterons, or other nuclei have been proposed, and devices 
have been constructed several times during the past two decades. 
The cyclotron is the most successful of those in operation to date. 
There has always been the question, however, regarding the com- 
plication introduced by a magnetic field when the particle ap- 
proaches very high energies so that its mass is increasing consider- 
ably. The recent introduction of frequency modulation into cyclo- 
tron technique has answered the question very effectively as regards 
energies as high as 200 million electron volts (Mev) and probably 
much higher. Even so there are advantages to an accelerator in 
which the particles move in straight lines, notably the ready acces- 
sibility of the beam, and there has been much speculation about 
the possibility of using the high power available at microwave 
frequencies to develop high volta^ for such an instrument. ' 

Before such a linear accelerator is considered, it is worth while 
to review some possibilities for developing voltages for accelera- 
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tion. One such was suggested by Collins, who proposed to use a 
waveguide bent many times back and forth with a hole through 
all the folds of the guide. Power would be fed in from a magne- 
tron, which would develop a high voltage across the guide and 
accelerate a charged particle exposed to the voltage. By correct 
spacing of the folds the particle could be accelerated each time it 
reached a new fold of the guide. This method should work but 
it seems to require large power. 

A second proposal was made by Schwinger. A single cavity is 
excited by high power. It is placed in a magnetic field, and elec- 
trons are introduced into the cavity. These will be accelerated 
by the high electric field in the cavity and will pass out of an open- 
ing on the other side at high velocity. They then execute a circu- 
lar motion in the magnetic field and return to the first opening in 
the cavity in time to be accelerated again. This process goes on, 
the electrons following ever widening circles until their energy is 
very great. The difficulty of this method is the introduction of 
the electrons in the first place, a difficulty so great that so far no 
one has started to construct such a machine. 

A third proposal, made in a seminar at Harvard by Getting, and 
independently by Hudspeth,^® is to use a spiral of waveguide and 
to send the particles to be accelerated across a diameter of the 
spiral. Advantage is then taken of the geometrical fact that each 
turn of the spiral increases the length of the guide by a constant 
amount. By adjusting the wavelength to match this amount it is 
possible to arrange for acceleration every time the particle crosses 
the guide. This seems a reasonable proposal and probably would 
work, but would get very formidable at high energies. 

Cavity Accelerators 

The method which at present seems most practical is the use of 
a series of cavities excited to as high power as is available and 
spaced so that the particle uses up the repulsive time outside the 
cavities and is in the accelerating field while it traverses the cavi- 
tieSi 

Three major problems have to be solved to make such an instru- 
ment work. The first is the development of a high voltage across 
the cavity. The second is some sort of control over the phase of 
E. L. Hudspeth, Phya, Rev., 69, 671 (1946). 
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the electric field in each of the cavities. The third is the focusing 
of the beam. Of these it can be said that the first appears to be 
satisfactory. The second would seem to be possible, and the third 
is still in the speculative stage, with opinions being developed on 
the subject. The operation of a several-stage accelerator giving 
more than 10 Mev has been achieved but it is still early to appraise 
the results. 

We can consider these three problems briefly and then describe 
a typical proposal for a multistage accelerator. 

The voltage developed across a cylindrical cavity can be cal- 
culated roughly without much trouble. A modern magnetron 
can deliver 1 megawatt at 10 centimeters. A cylindrical cavity 
which is well constructed has a shunt impedance of 10® ohms or 
so. The relation power = E^/R gives the value 10® for the voltage 
across the cavity. Therefore the gain In energy per stage is high. 
It now remains to make an engineering decision about the shape 
and dimensions of the cavity used. The highest voltages can be 
developed across cylindrical cavities which are relatively long. On 
the other hand it may pay to get a little less voltage per cavity 
and use more of them, thus obtaining a greater acceleration per 
foot. This is largely up to the individual designer. The lowest 
mode of a cylindrical cavity is excited when the radius a and wave- 
length X are related by X = 2.61a. This means for 10-centimeter 
radiation a radius of about 4 centimeters. An inspection of equa- 
tion 2*25 shows that the shunt resistance i?* is proportional to 
Area X f/a. (a is the skin depth, / the frequency.) Then, other 
things being equal, the area increases linearly with the length of 
the cavity and so does the shunt resistance. Hence the voltage 
for a given power rises as the square root of the length. In order 
to maintain a simple oscillation in the cavity it is probably wise 
to keep the length to the order of the wavelength, in which case 
the shunt resistance as given by Table 1-1 is of the order of 20 
megohms, and the voltage developed for a megawatt input is 
4.5 million. This is probably hi^er than can be achieved in 
practice. If such cavities are spaced a wavelength apart the 
actual acceleration achieved is about 7 Mev per foot. An ac- 
celerator 100 feet long could then, in principle, produce particles 
of energy 700 Mev, which is far b^ond any energy attained up 
to the present. The power required for such a machine would 
be 150 megawatts. This is peak power. The average power 
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would be about 150 kilowatts, and if the efficiency were 20 per 
cent this would be a total power need of 800 kilowatts. This is 
high but not by any means impossible. 

The question of the phase control of the cavity voltage is more 
serious. There are two approaches to this. The first is to make 
all the cavities parts of a single tank so that the walls of each 
cavity are shared with adjoining cavities and with the whole tank. 
Now if power is fed in from a series of separate oscillator tubes 
with a provision for matching each tube to the tank and a tuning 



Fig. 13*10 Schematic diagram of Alvarez* linear accelerator. Protons are 
injected at 4 million volts from an electrostatic accelerator, and then pass 
through a succession of field free drift tubes and accelerating gaps where the 
radiofrequency field is in the direction of travel of the particles. 

adjustment on each, the fact that the whole tank is effectively 
being driven in a single high mode of oscillation will require that 
definite phase relationships be established along its length. Such 
a tank is being constructed by Alvarez, Panofski, and their group 
at the University Of California.^® It is illustrated schematically in 
Fig. 13 • 10. The dotted lines represent the hypothetical walls of 
a series of re-entrant cavities. The re-entrant parts form tubes 
separating gaps, the gaps are the points where the field does the 
accelerating, and the tubes, called ‘‘drift tubes,'' are for the pur- 
pose of protecting the particle from the decelerating phase of the 
oscillation. It will be seen that the currents in the wall adjoining 
two of the hypothetical cavities are opposed. Hence it is reasonable 
to dispense with them and construct the tank as a unit with the 
drift tubes supported down the axis of the cylinder. The power 
from a large number of separate oscillators is fed in. Provision 
is made for some matching adjustment in each line. 

^ See three abstracts in Rev,, 70, 447 (1946). 

398 



Note that each drift tube increases in length as the proton 
becomes more energetic. In order to avoid the necessity of very 
short tubes initially, the protons are injected from an ‘'ion source'' 
consisting of a pressure electrostatic accelerator which gets them 
up to 4 Mev before the linear accelerator takes over. 

A different approach to the phase control problem is the use of 
a master oscillator which drives ail the other oscillators in the same 
phase. It is then possible to adjust the phase of any one cavity 
at will by varying the length of the line which feeds the cavity. 
This is a very direct and simple approach but is somewhat difficult 
to achieve at microwave frequencies since magnetrons are not read- 
ily driven. At a wavelength of 50 centimeters high power triodes 
are available. Schultz and his group at Yale are employing this 
wavelength for an accelerator which uses this method of phase 
control. 

The kind of particle to be accelerated dictates to some extent 
the desirable frequency. For protons, which move relatively 
slowly and do not approach the velocity of light until their energy 
is in the billion-volt region, there is much to be said for longer wave- 
lengths with larger cavities. For electrons which rapidly reach a 
velocity very close to that of light and thereafter simply gain in 
mass, the drift tubes or their equivalent can be shorter, and short 
wavelengths are attractive. At present work is going ahead at 
200, 600, and 3000 megacycles. 

The third problem, that of focusing the ions while they are accel- 
erated, is the most serious. The nature of the acceleration by an 
alternating field is different from that of a d-c field. In the latter 
case it is possible to use the action of an electrostatic lens at the 
gap between two electrodes to give strong focusing. This depends 
fundamentally on the fact that as the particle traverses the gap the 
curved lines of force initially pull it to the center and then, as it 
traverses the second half of the gap, pull it to the edge. The second 
half is relatively ineffective because the particle is going faster and 
is harder to deflect. In the alternating case the field distribution is 
quite different, and moreover is varying with time so that there is 
no such lens action. In order to overcome this difficulty Alvarez 
has proposed closing the openings of the drift tubes with thin foils 
of beryllium* This has the effect of restoring the lens action since 
the fidd is now that between two planes and not that between 
two open cylinders. 
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Small currents of 30 million electron volt protons have been 
reported with this accelerator but a full experimental appraisal is 
not available at the time of writing. Whether this device can 
compete with the frequency-modulated cyclotron in the field of 
high energy nuclear physics is doubtful. 


13-4 MICROWAVES AND SUPERCONDUCTION 

The fact that lead, tin, and a number of other elements become 
superconducting at temperatures close to absolute zero is well 
known. Recent work has also shown that superconduction is 
suppressed by a magnetic field in the sense that a lower tempera- 
ture is needed to cause superconduction if a magnetic field is 
applied. Also it has been shown that superconduction is heavily 
concerned with the surface layers of the superconductor. There 
is no established theory of superconduction, and it is one of the 
most intriguing branches of modem physics. 

The facts that superconduction is concerned with thin surface 
layers and that a magnetic field influences it at once suggest a 
study of the effect of microwave radiation on a superconductor. 
The microwave currents are confined to a very thin layer on ac- 
count of the ^‘skin effect^’ and carry with them large alternating 
magnetic fields. Some experiments along these lines have been 
reported by London,^ who showed that at 20.6 centimeters the 
radiofrequency resistance changed gradually, as the temperature 
of a sample of tin was cooled below the transition temperature. 
The normal resistance changes abruptly by an enormous factor so 
the r-f resistance is certainly different. 

There is no explanation of this effect. It has been suggested by 
London that the results fit a hypothesis to the effect that there are 
present both ^‘normar^ and ‘‘superconducting^^ electrons in a metal 
below the transition point. For d-c measurements the supercon- 
ducting electrons play the important part. However, at radio- 
frequencies the magnetic field due to the changing electron current 
penetrates into the conductor and there causes motion of the 
normal electrons with an associated normal resistance. According 
to London all the electrons available for conduction are super- 
conducting at absolute zero but the number dimixushes with tem- 
» H. London, Proc, Bay. Soe., ITSA, 522 (1940). 
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perature according to a relation 


No ^ ^ IKWj ^ 4 w 


(13-7) 


where Na is the number of superconducting electrons, No the 
number of ordinary electrons, T liie temperature in degrees Kelvin, 
and Tt the transition temperature. This relation is empirically 
derived from measurements on thin j&lms and colloids made by 
Appleyard, Bristow, London, and Misener, and also by Shoenberg. 
It can be seen that the r-f resistance will therefore change gradu- 
ally, in a manner deternuae<l by Na/Not from a very small value 
near 0®K to a normal value at the transition temperature. London 
used an ellipsoid of tin surrounded by a resonator shaped like a 
cylinder with slots cut at the ends. Bower was fed in from a split- 
anode magnetron and the heat evolved due to r-f currents meas- 
ured by observing the rate of evolution of helium gas from helium 
liquid. For the same r-f power, measured at the input, the rate of 
evolution of gas was determined as the temperature changed. The 
result, expressed in terms of r-f resistance, is as already described. 

London’s work has recently been expanded for tin and mercury 
by Pippard.^^ Pippard used a different measurement technique. 
He used the fact that, as the skin depth changes because of chang- 
ing resistance, the effective size of a resonant cavity changes 
slightly and hence the resonant frequency changes. By studying 
the change of resonant frequency as the resonant cavity (in this 
case a parallel wire resonator) is reduced in temperature, Pippard 
determined the way in which the skin depth changes with tem- 
perature. The results are shown in Fig. 13*11, which is taken 
from Pippard’s article. The change in penetration depth starts 
rapidly but continuously at the transition temperature and 
thereafter proceeds more slowly until only a gradual change occurs. 

A very interesting feature of this research has been the study 
of the skin effect in normal conductors at low temperatures. The 
resistance of a conductor diminMies as the temperature dimin- 
ishes; this means that the chance of collision between an electron 
and an atom becomes less and the average velocity therefore greater 
because the electron is accelerated for a longer time. It will be re- 
called from the treatment on page 19 that the conductivity con- 

^ A. B. Pippard, 1S9, 435 (1947); Proc, Boy. Soe.y A19i, 370 et seq. 
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sists of the repeated acceleration and stoppage of electrons. If the 
chance of collision is less, the mean free path becomes greater until 
it may exceed the skin depth as predicted by usual theory. When 
this occurs there is clearly need for modification of the theory be- 
cause the electron will certainly not stop until it makes a collision, 
and therefore the penetration of fields into the conductor will be 
different from the prediction. Pippard has found that the skin 



Fia. 13*11 Pippard’s curve showing the way in which the penetration depth, 
as deduced from the change in the resonant frequency of a parallel wire 
resonator, varies below the superconducting transition temperature. The 
change is gradual, perhaps indicating a slow increase in the fraction of super- 
conducting electrons as the temperature drops. 

depth does not decrease with temperature as expected according 
to theory below about 20®K. This is linked with the large mean 
free path, and a simple treatment based on this fits the experi- 
ments reasonably well. 

One apparently simple experiment is to construct a cavity out 
of a superconductor and to measure its Q as the temperature falls 
below the transition point. This has been tried by Bitter, Garri- 
son, Halpem, Maxwell, Slater, and Squire at M.I.T. and inde- 
pendently at Yale by W. Fairbank. The experiment consists in 
feeding power from a klystron, controlled by a Poimd stabilizer, 
as described in Chapter 12, into a lead cavity in a helium refrigera- 
tor. The standing wave ratio in the input line was measured as a 
function of frequency, and in two runs the Q was observed to 
change from a value of 7000 to a value of 10® somewhere just below 
the transition point. More complete work should beof greatinterest. 
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There is one general reason why microwaves and low tempera- 
ture experiments should be revealing. This is that the thermal 
energy of a component of motion (degree of freedom) at 1®K is 
or 0.77 X 10“^® erg. This is the same as the energy of a 
quantum of radiation of frequency 11,800 megacycles or of wave- 
length 2.54 centimeters. The absorption of such a quantum at 
low temperatures therefore produces a large effect and should 
yield experimental results of value. 

The actual combination of microwaves and low temperatures 
involves the use of two rather elaborate techniques. So far this 
has held the work down to a rather small output. As the experi- 
mental mastery of the combination is attained, a considerable 
increase of interesting results can be expected. 


13-5 OTHER FIELDS OF APPLICATION 


We can mention briefly here one or two other fields of applica- 
tion. Of great importance is the study of dielectrics at microwave 
frequencies made by von Hippel. An extensive report on this is 
to appear in the Radiation Laboratory Technical Series. The 
metnod is described in an article Ijy Roberts and von Hippel.^^ 
Another research field which is related in character to microwave 
techniques is the method of studying resonance with atomic and 
nuclear precession in a magnetic field. This was devised by 
Purcell, Torrey, and Pound ^ and has been applied to the study 
of nuclear magnetic moments and to the Brownian motion of 
rotation of molecules. 

Conclusion 

In this chapter we have described briefly four lines of research 
involving microwaves. Many more exist. We cannot hope to do 
justice to them. We can only point out the possibilities, outline 
the techniques, and hope that we have provided some aid to the 
ingenuity of the reader. 

** S. Roberts and A. von Hippel, J. Applied Phya.f 17, 610 (1946). 

** E. M. Purcell, H. C. Torrey, and R. V. Pound, Phya. Rev,, 69, 37 (1946). 
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APPENDIX 1 


THE FOURIER INTEGRAL 


The Fourier integral is a means of transformation which can be 
applied to any function f(x) which fulfils the following three 
conditions: 

1. f(z) and its first derivative are continuous in any finite inter- 
val except for the existence of a finite number of discontinuities. 

2. At such discontinuities the value of the function is the arith- 
metic mean of the upper and lower values. 

^ 00 

3. I I f(x) I dx is finite. 

*/ — 00 

When these conditions apply, 

/(x) = J” c{u)e’'^dco 

where 

c(«) = 1 rme-^-^dy 
2ir J— « 

This combined expression is called the Fourier integral. The 
function c(w) is called the Fourier tram^orm of /(x). 

The proof of the theorem is not difficult and is given in many 
standard mathematical texts. The conditions, although very 
restrictive mathematically, can be i^n to apply to any but the 
most abstraet physical fimctions, and certainly to the processes 
considered in this book. It can be seen that /(x) is represented in 
terms of two new quantities. Tlie first is a periodic function of x, 
controlled by a frequency constant w, which can be identified 
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with a frequency of oscillation of some kind. The second is an 
amplitude function c(w) of the frequency constant. The repre- 
sentation requires integration over all values of This is a 
mathematical statement of the fact that /(:r) can be represented 
by a sum of terms of different frequencies with properly chosen 
amplitudes. The choice of the amplitudes is governed by c(a?), 
which accordingly controls the frequency spectrum. The form of 
c(«) is given by the second integral, and is in many cases remark- 
ably simple. Where this is true the theorem is of great use. 

Three major applications of this theorem are made in this book. 
It is applied to a pulse of fixed frequency but finite time (i.e., a 
pulse of r-f) and to a single pulse in time (i.e., a ^Video” pulse), 
and it can be used to relate the secondary pattern of an antenna 
with the primary pattern of the feed. 

The simplest application is to the pulse of fixed frequency 
(angular frequency wq), the transmitted pulse of a radar. Here 
we know that the variable is time and explicitly /(<) is an oscilla- 
tory function during the time from — t/ 2 to +r/2 and 

zero at all other times. This represents, for example, the output 
of a magnetron to which a pulse of duration t seconds is applied, 
and the result should bear comparison with the appearance of a 
spectrum analyzer. We have 


f(t) = r* c(co)e^’"'da) 

«/ — «c 

where 

c(w) = ^ f dy 

2t J — ^ 

Using the known form of f(y) we can evaluate c((o). The result is 
seen to be 

c(a)) = — I dy 

27r •/ — t/2 

A rgi(«o“«)(»'/2) g— y(«o--«)(r/2) 

7r(wo *“ w) L 2j 

sin — (a>o 
tA 2 


2ir 


T 

— («o - «) 
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This result shows that the frequency spectrum of such a pulse has 
a maximum where a>o = co; or, on the correct frequency, a series 
of minima where (r/2)(wo — w) = nir, n being an integer; and 
a series of subsidiary maxima where (r/2)(«o — «) = [n + 

These maxima fall off in amplitude proportionally to l/(a)o — w). 
The amplitude of c(a)) drops to half its maximum value when 

sin ^ (wo - w) ^ 

= This occurs when wq — w = 3.7/r. Since 

/ = w/ 27 r, the frequency difference to half maximum is 3 . 7 / 27 rr, or 
very nearly 1/2 t. 

Very similar to this is the case of a simple voltage pulse extending 
from time — t/2 to +r/2. Here f{t) is A during this time and 
zero at all other times. We have again 

/(<) =J** c{<a)e’'‘^du 

where 

c(«) = r dy 

Evaluating c(«) as before and using the fact that f(y) is now A 
when I y I < t/2 and zero elsewhere gives 



This is a frequency spectrum having a maximum when w = 0 and 
a series of secondary maxima and minima where (r/2)a) = 
[n + (3/2)]n- and nv. The frequency spread to half maximum 
amplitude is, as before, roughly 

The third application is to the form of the secondary pattern 
from an illuminated aperture. We can take a very simple case, 
that of a slit extending from --a/2 to +o/2. We have first to 
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consider a little physics. At a point distant r from the center of 
the slit the amplitude is the sum of effects from the whole of the 
slit. On the far side the phase is increased by [(x sin ^)/X]2ir 
where x is the distance from the center of the slit, Q the angle made 
by the direction of r with the normal to the slit, and X is the wave- 
length. On the near side it is diminished by a like amount. The 
disturbance at r due to a section djx of slit at x is therefore given by 



or 


A{x) 


2irr 


jixBin $)y 

e idx 


where A(r) is the primary illumination function describing how 
the intensity of illumination is distributed over the slit. This can be 

%rr 

divided into ^ expressing the distance of the whole slit 

from the point considered, and dx, where u = (2ir sin ^)/X 

describing the effect of distribution over the slit. Treating the 
latter part alone we have for the amplitude at distance r along 
direction 6 

pa/2 

f(u) = f A(x)e^^ dx 
J —0/2 

Now we can evaluate f(u) if we know A(x). We can also apply 
the Fourier transform and obtain 


A{x) ^ ^ J ^"^du 

which enables us to see what primary pattern A (a*) is needed to 
produce a required secondary pattern /(w). This relationship is 
of great value in predicting the correct illumination for given 
sidelobe amplitudes. 

The Fourier integral is clearly related to the Fourier series. 
The Fourier series applies to a repetitive process, and actually is 
quite valid for most of the purposes of frequency analysis of radar 
pulses. The relationship between the two is excellently shown in 
Guillemin’s very complete work, Cimmunicatim Networks} 

^ John Wiley and Sons, Inc., Vol. I, 1931, Vol. II, 1935. The reader is 
referred to the cluster on the Fourier integral for mudi physical insis^t* 
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One important and elementary consequence of Fourier analysis 
is worth mentioning. The fact that any ‘‘physical” function of 
time can be analyzed into a frequency spectrum justifies circuit 
analysis in terms of single frequencies, for then the summation of 
these can be used to describe any applied current or voltage varia- 
tion. The familiar analysis in terms of resistance R and reactance 
l/j<aC or jojL is therefore able to describe the behavior of a circuit 
dealing with pulses. 
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APPENDIX 


2 


CURL AND STOKES' 
THEOREM 


The operation of the electric and magnetic fields, a basic prop- 
erty of Nature, turns out to be as follows. An electric field which 
is changing with time causes a magnetic field, but in such a way 
that only the part of the magnetic field which contributes to a 
rotation is concerned. Therefore it is necessary to see just what 
part actually does contribute to a circular rotation. To see this 
consider the rectangle of sides dx, dy as shown in Fig. A* 1. Sup- 
pose that H has components Hy, which increase to 


dH dH 

Hx + dy and Hy -j dx. Now proceed around the rec- 

dy dx 

tangle in a clockwise fashion. It is very simple to check that the 


net H encoimtered in going around is < 

dy 


— dx. The quan- 

dx 


tity which determines whether this be large or small is therefore 
dH dH 

Now to return to the process which causes this net 

dy dx 

rotational effect: it is recalled that the electric field responsible is 
along the z axis (that is, perpendicular to the paper). Therefore 


. dHx dH, 

the quantity — ‘ 

dy dx 


- must also be related to the z axis. This 


is done by asserting that a vector, determined by the rotational 
part of H exists, directed along the z axis and of magnitude 
dH dH 

It is a component of curl H. Since there is no 
reason to suppose rotation can occur in the xy plane only, the xz 
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and yz planes must also be considered. Each of these defines a 
componerU of the new vector, and the vector from which these are 
derived clearly describes all possible rotation in H, This is then 
defined as curl H. If three unit vectors i, j, k are used along the 
Xy y, and z axes respectively, curl H is defined as 

dHy _ 

dz dy / \ dx dz / \ dx dy ) 

The process of vector addition which applies here, it may be re- 
marked, is the process of finding a resultant. 

Stokes^ theorem expresses a very simple concept, though in 
rather unusual language. Tn Fig. A* 1 (6) a somewhat odd-shaped 


H,+ 







B 



B 

B 





B 

B 

B 
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B 
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B 
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Fio. A* 1 (a) One component of curl; (6) illustrating Stokes’ theorem, which 
ej^resses the fact that clockwise traversal of each small rectangle leaves only 
the boundary traversed in one direction. 

outline is divided into small rectangles. The concept expressed 
by Stokes’ theorem is the almost self-apparent fact that, if every 
rectan^e is traversed clockwise, (Mhvilhe outside line is traversed 
twice, once in each chrection. Haice such a process can be de- 
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scribed either as the summation of many circles or as the passage 
once clockwise around the whole figure. If the rectangles are 
made very small the process can be applied to a figure of any 
shape to a good degree of approximation. 

Now consider the line integral of H around one small rectangle. 
By this is meant the algebraic sum of the products such as Hx dx, 
namely the component along one side times the length of the side. 
For one rectangle this is 


dHx dHy 

Hydy + Hxdx dy dx — Hydy dxdy — Hxdx 

dy dx 


_ /dHx dHy\ 

\ dy dx J 

where curl* H is the z component of curl H. 
For this special case therefore we have 


dy dx ^ curl* H dy dz 


cos ^ dZ == ^ j curl H | cos ^ dS 


surface 


where H cos B denotes the component of H along dl and | curl H | 
cos ^ denotes the component of curl H perpendicular to the area 
dS. 6 is the angle between H and dl, and is the angle between 
curl H and the normal to the area dS. 

Now, extending the process to all the small integrals, we can 
assert that the left-hand side adds up only as far as the outside 
edge is concerned, while the right-hand side simply adds up over 
the area, so that the integral signs can now be held to refer to the 
whole loop and surface respectively. This is Stokes^ theorem. 

This simple explanation may serve in place of a proof. The 
theorem holds even if the area is not chosen perpendicularly to the 
z direction. 

For a very clear accoimt of both curl and Stokes' theorem see 
Skilling's Fundamentals of Electric Waves (John Wiley and Sons, 
1942). Skilling introduces the idea of curl meters, which are 
little paddle wheels carrying a right-hand screw thread on their 
axis. These are inserted in any spot where curl is to be investi- 
gated. The tendency to move the screw is a measure of the curl. 
For someone who needs to visualize a process this is the best way 
to grasp the idea of curl that the authors know. 
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APPENDIX 


3 


UNITS 


“Anyway we shall not fall into the common error of becoming slave to a 
particular unit system and shall not hesitate to change the units w^henever it is 
advantageous to do so.” — E. U. Condon. 

In order to show most clearly the fundamental properties of 
electric and magnetic fields and their causes, the system of units 
which shows this most simply has been chosen. Very rarely is 
a comparable system of units adopted in practical work; witness 
the fact that temperature is not ordinarily given in degrees Kelvin. 
A practical system of units has been developed in the past fifteen 
years which combines many advantages in practice with a reason- 
ably simple foundation. Since we are not claiming that the sys- 
tem of units we have used has any special virtue for practical use, 
but is chosen by us for didactic reasons, we give here a short 
account of the way in which the fundamental equations appear in 
the practical system (the rationalized MKS system). 

These units have three definite features. The first is that length 
and mass are measured in terms of meters and kilograms. This 
brings many basic measurements closer to human experience. 
The second feature is the assignment of definite constants, per- 
mittivity kq and permeability fioy to free space. It is this which 
renders the units difficult from the point of view of basic instruc- 
tion. The third is the rationalization of the equations to render 
them simple. This is done by sacrificing simplicity in the statement 
of Coulomb’s and Ampere’s laws to gain simplicity in the derived 
equations. 

With this background it can be seen how the MKS B3rstem 
operates. The following equations hold. 

413 



Coulomb's law is 


F = 


1 ^ 1^2 


4irico 

F is in newtons, and 

coulombs^ farads 

Ko = 8.85 X 10-^2 ^ g gg5 IQ--12 . 


joule meter 


meter 


kq is analogous to the dielectric constant of free space and is called 
the permiUiviiy, 

Energy per cubic meter ~ H (E in volts per meter and 

^ ^ H in amperes per meter) 


Ampere's law is 




fjkoi dl sin d 
47rr^ 


Mo, the permeability of free space, is 1.257 X 10“® henries per 
meter; i is in amperes. Since the field in free space contains mo, it 
is written as B; H is really a constructed quantity. No moving 
electron ever feels H. This is a definite point of difference between 
the MKS system and the Gaussian system. 

The force on a current element is 


dF = fdl XB 

Maxwell's equations are 

curl H = i H 

dt 


curl E = 

dt 

The energy flow across a square meter per second is E X H watts. 

It can clearly be seen that the final equations are neater. There 
has been some sacrifice of simplicity in the statements of the 
basic laws, and the meaning of kq and mo is very hard to visualize. 
For general use, practical units are to be commended as they more 
readily offer comparison with measurements. The reader should 
have no difficulty in operating in any system he chooses. A 
comparison between units is given by Spees,^ which may prove 
helpful. 

» A. H. Spees, Am. /. Phys, (1947). 
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SUBJEa INDEX 


A- and Jnscope, 222 
A- and R>scope, 313 
A-scope, 203 

A-c charging of lines, 180 
Absorption, by ammonia, 378 
atmospheric, 394 
pressure effects, 385 
by rainfall, 332 
Accelerators, 395 
cavity, 396 
drift tubes, 398 
focusing in, 399 
particle injection into, 398 
power requirements, 397 
Admittance, 98 
Air traffic radar, 346 
Ampere’s law, 10 
Amplidynes, 284 

Amplification of weak signals, 242 
Amplifiers, amplitude function of, 236 
delay time, 153 
gated, 314 
i-f, 255 

motorboating, 157 
r-f, 134, 137 
response, 148, 156 
phase, 154 
squaring, 165 
tuned, 226 
twin-tee, audio, 236 
video, 149, 151 
Analogue computers, 273 
Angle data transmission system, 213 
error signal, 276, 358 
Angle sweeps, 216 
Antenna, aperture ratio of, 129 
cheese, 129 


Antenna (Continiied) 
feeds, 39, 127 
gain, 18, 123, 325 
gain function, 123 
limiting scan rate, 330 
secondary, pattern of, 407 
Anti-clutter circuits, 268 
Anti-jamming circuits, 268 
Approach-control radar, 361 
Array, endfire, 131 
linear, 129, 130 
squint, 131 

Artificial transmission lines, 176 
Attenuation in waveguides, 43, 376 
Attenuators, 90, 134 
Automatic frequency control (AFC), 
262 

pull-in range, 265 
Automatic gain control, 260 
instantaneous, 270 
Automatic tracking, 357 
Autosyn, 274 

Azimuth sweep blanking, 218 

B-scope, 208, 223 
Bandpass filter, 149 
Bandpass TR, 136 
Bandwidth, circuit, 147 
Barkhausen oscillations, 56 
Beacons, radar, 363, 364 
Beam shaping, 129 
Beam width, ^5 
Beavertail scan, 209 
Beetles, 136 

Bell Telephone Laboratories, 62, 85 
BirminghEun University group, 80 
Black body radiation and thermal 
noise, equivalence of, 390 


effective aperture, 321 
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Blocking oscillators, 159 
biased, 161 
counting circuits, 311 
free-running, 159 
frequency stability, 161 
Bolometers, 89 
Boundary conditions, 24, 27 
Broadband feed, 129 
Broadband stub support, 111 
Broadbanding, 105 
Broadside array, 131 
Bunching, 63 

Capacitance, distributed, neutraliza- 
tion of, 155 

Cascaded amplifier stages, 158 
bandwidth, 230 
doubly tuned, 235 
single-tuned, 230 
stagger tuning, 231 
Cat station, 355 
Cathode-coupled amplifier, 300 
Cathode followers, 298 
output impedance, 299 
power gain, 299 
voltage gain, 299 
Cathode ray tubes, 195 
control grid characteristics, 202 
deflection sensitivity, 196 
electron guns of, 197 
electrostatic, 195 
magnetic, 197 
phosphors for, 199 
screens of, 199 

Cathode structure of magnetrons, 81 
Cavities, coaxial, 46 
construction, 61 
cylindrical, 45 
energy storage, 47 
excitation of, 51 
features, 52 
klystron, 66 
practical, 51 
Q of, 49, 52, 53, 388 
rectangular, 44 
resonant, 44, 46 
sdbotivity, 48 
shunt resistance, 49, 5% 58 


Cavities {Continued) 
voltage developed, 49 
Cavity accelerators, 395 
Cavity gas switches, 134 
Cavity magnetron, 57, 70, 71 
Changing electric field, effect of, 7 
Changing magnetic field, effect of, 10 
Charging of pulse forming lines, 163, 
178 
a-c, 180 
d-c, 178 

^'Cheese'* antenna, 129 
^‘Cindy,»» 344 
Circuit bandwidth, 147 
Circuits, miscellaneous, 294 
Clamping circuits, 307 
Clutter, anti-clutter circuits, 268 
land, 269 
sea, 269 

Coaxial lines, 32 
characteristic impedance, 35 
termination, 107 
Coherent video, 360 
Columbia University Radiation Lab- 
oratory, 80 

Communication power requirements, 
365 

Complex exponentials, 24 
Computers, 272, 286 
addition and subtraction by, 287 
analogue, 273 
digital, 273 

employing servomechanisms, 290 
for evaluating fimctions, 288 
multiplication by, 288 
right-triangle solver, 292 
Conductivity, 20 
Conical scanning, 358 
Comer reflectors, 340 
scattering cross section of, 341 
Cosmic noise, 394 
Coulomb’s law, 4 
Coverage of radar (MEW), 346 
Cross section per molecule, 376 
Crossover of beams, 858 
Crystals, 86 
burnout, 87 
detection, 86 


Crystals (CorUintied) 
front-to-back ratio, 87 
1N21B, 86, 87 
1N23B, 87 
Curl, 8, 410 
Curl meters, 412 
Current density, 22 
Curvature of field, 40 
Cutoff in waveguide, 40, 113 

D-c restoration, 307 
by germanium crystals, 309 
Deflection sensitivity, 196 
Deflection yoke, 198 
Delay, by storage tube, 186 
Delay circuits, 182 
multivibrators as, 182 
phase shift, 184 
sawtooth, 183 
Delay lines, electrical, 185 
ultrasonic, 186 
Delayed trigfjer, 304 
^^Delta-a” scan, 132 
Demodulation, 309 
Detection, crystal, 80 
Detector balanced bias (DBB), 270 
Dielectric constant, 21 
Dielectrics at microwave frequencies, 
403 

Differential generator synchro, 276 
Differentiating circuits, 166 
Directional couplers, 133, 134, 137 
Diversity receiver, 365 
^^Doorknob” input, 117 
Double moding, 73 
Doublenstub tuner, 107 
Doubly tuned amplifier stages, 235 
"‘Dunking” pulse, 310 
Duty cyde, 146 

E plane, 124 

EcclesJordan circuit, 806 
Effective aperture of antenna, 321 
Electric field, effect of changing, 7 
Electrical tuning, 67 
Electromagnetic waves, 11 
laectromotive force, 10 
Electron guns, 197 


Electronic regulation, 296 
Electrons, 1 
mean free path, 402 
Electrostatic cathode ray tubes, 195 
Electrostatic range sweeps, 210 
Elevation angles of lobes, 335, 338^ 
“Endfire array,” 131 
Energy, in field, 6, 13 
Energy flow, 13 

Fading regions, 334 
Faraday^s law, 11, 21 
Fast time constant, 270 
Feed, antenna, 127 
backlobe, 128 
horn, 127 

power capacity, 128 
Ferromagnetism, 20 
Field intensity, of accelerated charge, 
14, 17 

in free space, 323 
near moving charge, 18 
Fields, 1, 3, 4, 6 
in coaxial line, 33 
influence of medium on, 19 
Flicker effect, 245 
“Flip-flop” circuit, 306 
Flux, 10 

Focusing in accelerators, 399 
Force, 5, 7 

Fourier integral, 66, 125, 147, 405 
Fourier spectrum, of r-f pulse, 406 
of video pulse, 146, 407 
Fourier transform, 405 
Free space, 108 
Frequency, 13 

Frequency stabilization, 266, 367 
Fresnel zone, 364 

Gain, antenna, 18, 123, 325 
Gain-bandwidth product, 150, 228 
Gain function, normalized, 229 
Gas discharge tubes for voltage regu- 
lation, 295 

Gas tube pulse generators, 163 
Gated amplifiers, 314 
Gating pulses, 210 
Gaussian units, 4 



General Electric Co., 85, 117 
Geometrical optics, 122 
Ground control of approach (GCA)j 
132, 351<^53 
Group velocity, 41 

H plane, 124 
Half power width, 124 
Hard tube modulators, 169 
switch tube for, 171 
High frequency compensation, 151 
High level pulse generators, 167 
High power servomechanism, 284 
Horn feed, 127 

Hunting in servomechanisms, 280 
Huygens* principle, 127 
‘^HaX** set, 342 
Hydrogen fine structure, 384 
Hydrogen thyratrons, 173 
Hyperfine structure, 374 

Identification (IFF), 356 
Illumination, off-axis, 130 
Illumination functions, 124 
Image frequency rejection, 250 
Impedance, 98 
circle, 103 
free space, 108 

Impedance matching, 94, 99, 107 
quarter wave sections in, 99, 107 
Indicator block diagrams, 221 
Indicator circuits, 210 
Indicators, 194, 203 
A-scope, 203, 204 
B-type, 208 
J-type, 205 

plan position (PPI), 198, 206 
precision, 209 
range height (RHI), 209 
i^dhroscope, 203 
Induced grid noise, 245 
Inductance, 23 

Instantaneous automatic gain control, 
270 

Interelectrode capacitance, 60 
Intermediate frequency amplifiers, 
255 


Intermediate frequency discriminar 
tor, 263 

Iris in waveguide, 107 
J-scope, 205 

*^Keep alive** electrode, 135 
Klystrons, 46, 57, 62, 87 
type 707 A, 66, 67 
type 723A, 67 

‘^Land clutter,** 269 
Line integral, 9, 10 
Line stretcher, 107 
Line-type pulse generators, 168, 171 
using hydrogen th 3 rratrons, 173 
using rotary spark gaps, 172 
using series gaps, 173 
using stationary gaps, 173 
using trigatrons, 173 
Linear arrays, 130 
squint of, 131 

Linear sweeps, rotation of, 212 
Linear time bases, 190 
Littelfuse, 89 

Lobes, elevation angles, 335, 338 
Local interference blanker, 315 
‘‘Long-tailed pair,** 300 
Loran, 357 
SS, 357 

Low angle shielding of radars, 331, 349 
Low frequency amplifier response, 156 
Low frequency compensation, 157 
Low level pulse generators, 159 
Low power servomechanisms, 280 

McNally tube, 70 
“Magic tee,** 116, 134, 139 
Magnetic cathode ray tubes, 197 
Magnetic field, 7 
effect of changing, 10 
near a moving charge, 9 
Magnetic range sweeps, 211 
Magnetism, 7 
Magnetrons, 72 
cathode structure, 81 
cavity, 67, 70, 71 
t^aractezistics, 82 
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Magnetrons (Continued) 
commercially available, 82 
continuous wave, 84 
modes of, 78 
operation of, 74 
packaged, 84 

performance charts, 75, 76 
pulling of frequency, 73, 78 
Eieke diagrams for, 75, 77, 78 
'‘rising sun,” 80 
scaling dimensions, 74 
sparkling, 76 
strapping, 80 
type 2J21, 81 
type 5J26, 81 
type HK7, 81 
type HPIO, 84 
tunable, 81 
"Main bang,” 205 
Matter, neutrality of, 5 
Maxwell’s equations, 21 
Microwave early warning (MEW), 
322, 346 
Microwaves, 3 
absorption, 372, 378, 388 
components, 108 
detection, 86 
measurement, 86 
particle accelerators, 395 
radiators, 122 
radiometer, 391 
receivers, 249 

crystal mixers, 251 
crystal video, 249 
mixer noise, 252 
super-regenerative, 249 
superheterodyne, 249 
and superconduction, 400 
Miscellaneous circuits, 294 
Mixers, crystal, 251 
Mks units, 413 
Maxwell's equations in, 414 
Molecular collision processes, 373 
Moon, surface temperature, 395 
Motorboating in amplifiers, 157 
"Mouse station,” 355 
Moving target indication, 359 
. Multichann^ communication, 367 


Multichannel communication (Con- 
tinned) 

perpendicular polarization, 369 
pulse code modulation, 368 
pulse time modulation, 368 
storage tube band compression, 368 
Multivibrators, 163, 182, 301 
basic, 301 
biased, 303 
firing interval, 304 
free-running, 302 
high duty cycle, 305 
on periods of, 303 

Navigation radar, air, 342 
ship, 343 
Noise, 242, 243 
available power, 244 
cosmic, 394 
flicker effect, 245 
figures, 245 
overall, 247 
receiver, 259 
generators, 245 
induced grid, 245 
mixer, 252 
partition, 245 
resistance, 245 
shot effect, 244 
temperature, 253 
thermal, 243 

and black body radiation, 391 
tube, 244 

Oboe, 355 

Off-axis illumination, 130 
Ohm's law, 20, 22, 23 
Optics, geometrical, 122 
physical, 122 

Paraboloid patterns, 122 
primary, 123 
secondary, 123 
Permeability, 21 
Phase response of amplifier, 154 
Phase velocity, 41 
Phosphors, 199 
chiuacteristics, 201 



Phosphors (CarUintted) 
decay law, 199 
persistence, 199 
Physical optics, 122 
Plan position indicators (PPI), 206 
Plane polarized wave, 13 
in exponential form, 25 
reflection of, 29 
Polyiron, 91 

Pound’s cross band S 3 rstem of com- 
munication, 370 
Power dissipation, 61 
Power standing wave ratio, 95 
Power supplies, regulated, 294 
Poynting vector, 13 
Pressure effects in absorption, 385 
Protons, 4 

Pull-in range, automatic frequency 
control, 265 • 

Pulse circuits, 145 
code modulation, 368 
forming lines, 175 
radar modulator output, shape, 328 
width, 326 
spectrum, 145 
time modulation, 368 
Pulsed crystal-controlled oscillators, 
188 

Pulsed radars, 318 
0,48 

change of, due to superconduction 
402 

of cavities, 49, 52, 53, 388 
of twin-tee amplifiers, 238 

Bacons, 353 
Radar, 317 
block diagram, 319 
horizon, 331 
performance figure, 324 
physical basis, 318 
Radar beacons, 353 
aircraft control, 354 
iq>p]ications, 3M 
separate receiver for, 354 
Radar receivers, 248 
fiddity, 249 


Radar receivers (CorUinued) 
selectivity, 248 
sensitivity, 248 
Radar relay, 370 
Radar sets, 342 
air navigation, 342 
air traffic, 346 
‘‘Cindy,” 344 

ground control of approach (GCA), 
351 

“H 2 X,” 342 

low angle shielding, 331, 349 
ship navigation, 343 
Radiation, 14 
black body, 390 
propagation of, 330, 362 
in a conductor, 23 
scattered by rain, 332 
from sun and moon, 394 
thermal, 390 

Radiation Laboratory, M.I.T., 62,85, 
91, 119, 297 
R-F "group, 86 

Radio Research Laboratory, Harvard 
University, 70 

Radiofrequency amplifiers, 134, 137 
Range equation, 321, 324 
marks, 187 

Range sweeps, electrostatic, 210 
magnetic, 211 
Rapid scan, 132 
“Rat races,” 134, 141 
Rate servos, 286 
Rayleigh’s criterion, 336 
Receivers, 248 

automatic frequency control, 262 
bandwidth and sensitivity, 326 
gain control, 260 
gating, 259 

intermediate frequency discrimina- 
tors, 263 
noise figures, 259 
second detector, 261 
Buperheterod 3 me, 226 
Reciprocity theorem, 127 
Reflection coefficients, 94 
in coaxial lines, 85 
from earth’s surl^use, 382 



Eeflection coefficients {CorUinved) 
of land and water, 3^, 337 
Reflector voltage, 64, 67 
Relaxation times of molecules, 388 
Repetition frequency, 327 
Resistance-capacitance coupling, 150 
Resistivity, 20, 22, 23 
Resolver, 289 

Resonance with nuclear precession, 
403 

Resonant cavities, 44, 46 
Resonant slits, 120 
Rise time of pulse, 149, 158 
Rotary transformers, 274 
Rotating joints, 111 
Rotational level spacings, 374 

SS Loran, 357 
Sand load, 91 
Sawtooth generators, 190 
with feedback, 191 
“Scale-of-two” circuit, 306 
Scanning, 328 
conical, 358 
limiting rate of, 330 
losses, 328 
rapid, 132 

Scattering by targets, 338 
cylinders, 340 
flat surfaces, 339 
spherical surfaces, 338 
Screen build-up, 200 
Screw tuner, 107 
Search radar (GCA), 352 
Searchlighting, 329 
Secondary antenna pattern, 407 
Selsyii, 274 

Sensitivity time control, 270 
Servomechanisms, 272, 278 
d-c, 284 

error signal, 278 
high power, 284 
hunting, 280 
low power, 280 
rate, 286 

shaft rotation, 279 
two-speed, 283 
Shaping oireuits, 165 


Shepherd-Fierce tube, 68, 70 
Shot effect, 244 
Shunt peaking, 152 
Sidelol^s, 123 

Sine card potentiometer, 216, 288 
Single-stub tuner, 107 
Single-tuned amplifier stages, 226 
I, bandwidth, 226 
gain, 226 

Skin depth, 23, 24, 26 
and electron free path, 402 
Solid dielectric cable, 110 
Space charge, 63 
Spt'ctnim analyzer, 76, 91 
Spectrum of a pulse, 93 
Sperry Gyroscope Co., 51, 85, 86 
Spike in TR tu^, 136 
Squaang amplifier, 165 
Squeeze section of waveguide, 107 
Stagger tuning, 231 
Standing waves, 30, 36 
minimum, 97 

probe for measurements, 88 
Stokes’ theorem, 9, 11, 410 
Strobe, 209 
Stub line, 105 
supports, 110 
Superconduction, 4(X) 
change of Q due to, 402 
Superheterodyne receivers, 226 
Surface integrals, 9, 10 
Synchros, 273 
control transformers, 276 
differential generators, 276 
followers, 275 
generators, 274 
motors, 275 
zero of rotors, 277 

TR boxes, 134 
type 1B27, 135 
type 721, 135 
Tangent of loss angle, 388 
temperature dependence of, 390 
Taper section, 107 

Target scattering cross sections, 321, 
338 
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Telecommunications Research Es- 
tablishment, 85 
Termination, waveguide, 107 
Test scope, 221 

Thermal radiation measurement, 390 
Thermistors, 89, 133 
Thyratrons, hydrogen, 173 
Time intervals in ranging, 320 
Trailing edge ‘‘jitter,*’ 306 
Transformers, 100 
Transit angle, 61 
Transit time, 60 

Transmission lines, artificial, 176 
Transmission profile, 364 
Trapezoidal voltage waveform, 212 
Trapping layers, 331, 365 
“Traveling wave” tube, 366 
Traveling waves, 12 
Trigger pulse, 158 
Triple-stub tuner, 107 
Tuned amplifiers, 226 
Tubes for video amplifiers, 151 
Tuning, electrical, 67 
stagger, 231 

Twin-tee audio amplifiers, 236 
Q of, 238 

Twin-tee network, 236 
Ultraportablc telephone radio link, 369 


Units, 4, 413 

Velocity, phase, 41 
Video, coherent, 360 
Voltage regulation, gas discharge 
tubes for, 295 

Water load measurements, 132 
Waveguide, 36, 112 
attenuation, 114 
bends, 114 
choke joints, 115 
cutoff, 40, 113 
diaphragms, 119 
feed, 116 
impedance, 121 
iris, 107 
modes, 113 
power capacity, 114 
rotating joint, 118 
squeeze section, 107 
tee-joints, 116 
tuner, 121 
twists, 114 
water in, 44 
wavefronts, 42 
Wavelength, 13 
Wavemeter, 47, 76, 87, 88, 90 
Window, 269, 327 
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